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The present investigation deals with the synthesis of iron-based materials, namely, 
hematite and rare earth perovskite-like solid solutions, their structural characterization, 
and a study of their magnetic and photocatalytic activities. 
These materials are of interest because their nanoparticles have been shown to display 
intriguing properties which are drastically different from the bulk that could be of 
interest in various technological fields such as memory and recording devices. They 
have a band gap that allows them absorb in the visible region of the electromagnetic 
spectrum and thus can utilise light in the visible region for photodegradation of organic 
pollutants.  
Samples of α-Fe2O3 nanoparticles were synthesized by three methods: through the co-
precipitation route in cetyltrimethylammonium bromide (Hem_PR), via a citric acid sol-
gel method (Hem_SG) and a modified sol-gel method in Tween 20 (Hem_TW). Each 
sample was annealed at three different temperatures (400, 500 and 600 °C). 
The rare earth perovskite-like ferrites with general formular (RE0.5Bi0.2X0.2Mn0.1)FeO(3-












) were synthesized through a 
modified Pechini-type sol-gel method and annealed at different temperatures. A number 
of techniques (which include PXRD, SEM, HRTEM, FTIR, BET, Mössbauer 
spectroscopy and photoluminescence spectroscopy (PL)) were used to characterize all 
the powders. The photocatalytic activities of the powders were then tested on a model 
dye, rhodamine B in aqueous solution. 
α-Fe2O3 nano-rods were obtained from the co-precipitation route, while the citric acid 
and Tween 20 routes both produced polycrystalline nanoparticles. However, Tween 20 
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was able to control the growth in particle sizes of the crystals. Hem_TW showed the 
smallest particle size and highest BET surface area, saturation magnetization and 
photocatalytic activity. 
The perovskite-like materials crystallized in either an orthorhombic or a rhombohedral 
lattice with phase purity increasing at higher calcination temperatures. The BET specific 




 and the particle size range was 16-40 
nm. Vibrating sample magnetometer (VSM) measurements showed that the powders are 
weakly ferromagnetic with very high coercive fields at high annealing temperatures. 
Coercive fields of up to 5.70 kOe were obtained. Photoluminescence spectroscopy 
showed that the powders were all active in the visible region. The photocatalytic 
activities of the powders were then tested on a model dye, rhodamine B in solution in 
the presence of H2O2. Powders annealed at 700 °C and above showed good 
photocatalytic activities with decolourization and mineralization efficiencies as high as 
99 and 80 % respectively recorded.  The observed trend in photo-activity with respect to 
the alkaline earth metal substitution is Ca > Sr > Ba in all the series of the synthesized 
perovskites. These powders therefore show promise as good materials for use as 
photocatalysts for removing pollutants from water and the improved magnetic 
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Chapter 1  
Introduction 
Nanomaterials have recently generated significant interest due to the physical and 
chemical properties they exhibit, which are dependent on their sizes and morphology [1-
4].  Some of these physical and chemical properties have made nanomaterials useful in 
various fields of advanced technologies ranging from electronic and magnetic devices in 
medicine [5, 6] and communication [7], to devices used in environmental remediation 
[8, 9], catalysis [10] and renewable energy [11].  Interest has also been shown in the 
photocatalytic properties of nanostructured semiconductors and novel solid solutions 
[12, 13]. 
Iron oxides are the most ubiquitous metal oxides of technological importance, with 
sixteen known polymorphs.  The most stable and, therefore, the most widespread of 
which are goethite (α-FeOOH) and hematite (α-Fe2O3) [14, 15]. Hematite, which is n-
type semiconductor with an energy band gap of 2.1 eV, crystallizes in a rhombohedral 
structure (similar to corundum (Al2O3)) with a space group of R3c [16]. It is 
antiferromagnetic, or weakly ferromagnetic with a maximum magnetization value of 0.3 
emu g
-1
 [17]  The ferromagnetism in hematite arises as a result of canting of electron 
spin from anti-parallel alignment [18-20] and when doped or prepared in 
nanoparticulate size exhibits novel properties [3, 4, 21-27].  These properties coupled 
with its stability, low cost, corrosion resistance, non-toxicity and environmental 
compatibility [1, 18, 28], makes it suitable for applications in diverse areas such as 
catalysis [29, 30], pigments [31, 32], photoelectrochemical water splitting [33-35], gas 
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sensors [36], and optical [37, 38] and biomedical devices [39].  Therefore, there is much 
interest in doping or controlling the size and shape of hematite nanoparticles. 
Perovskites, on the other hand, are a large family of multifunctional materials with the 
general formula ABO3 (where A
3+
 is a large rare earth or transition metal ion and B
3+
 is 
a smaller transition metal ion) and are mostly weakly ferromagnetic.  The perovskite 
structure is flexible and can accommodate almost all the elements on the periodic table.  
The most important factor that describes the formability and structure of perovskites is 
the ionic radius of the A- and B-site ions and this is expressed in terms of the tolerance 
factor, obtained from the Goldschmidts equation given by t = (rA + rO)/√2(rB + rO), 
where t is the tolerance factor, rA is the radius of the A-site ion, rB is the radius of the B-
site ion and rO is the radius of oxygen.  The ideal perovskite structure is cubic with a 
space group Pm3m and a t factor value of 1.  A deviation from this t value indicates 
distortion in the crystal lattice [40] (when t lies between 0.75 and 1 an orthorhombic 
structure with space group Pnma or Pbnm is indicated, while a t value between 1 and 
1.032 indicates a tilt towards a hexagonal structure, with space group R3c). 
Heavy doping of hematite could result in the substitution of Fe
3+
, giving rise to a 
perovskite-like material known as orthoferrite [41].  The perovskite-like materials 
(AFeO3) form an interesting class of multiferroic perovskite-like materials and BiFeO3 
has been the poster child of this group of materials in this regard [42-45]. Some rare 
earth based orthoferrites (i.e., REFeO3) have also been shown to posses very intriguing 
catalytic, photocatalytic [46], magnetic [47], electric, and magneto-optical properties 
[48, 49].  Partial substitution of the ion on the A- or B-site of a perovskite-like material 
by carefully selected ions with varying physical and/or chemical properties could 
drastically alter the properties of the materials and make them more robust for 
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application in the technological field of interest as applied in this research work.  For 
example, introducing a transition metal with a lone pair of electrons can impart 
ferroelectricity on the material [50, 51].  This flexibility for various substitutions have 
imparted on this class of materials the potential for application in a plethora of advanced 
technologies. 
Efficient photocatalytic perovskite-like materials for degradation of organic molecules 
such as NaTaO3, KTaO3 and SrTiO3 utilize ultraviolet (UV) light for this purpose [52, 
53].  Dopants have been added in the synthesis of these materials in order to try to 
reduce the energy bandgap to allow for the utilization of visible light and reap more 
benefits from the light spectrum [53-56].  As stated earlier hematite and the perovskite-
like ferrites have bandgaps that fall within the required range for visible light utilisation 
[57-59] and therefore it is of interest to study these materials and their properties futher 
for possible application in photocatalysis. 
1.1 Aim and objectives of this work 
The main focus of this work was to synthesize and characterize nanoparticles of some 
hematite powders and substituted perovskite-like solid solutions with general formular 
LnBi0.2A0.2Mn0.1FeO(3-δ) (where Ln = La, Nd and Eu, and A = Ca, Sr and Ba) with 
enhanced magnetic properties and apply these materials in the photocatalytic 
degradation of organic dyes.  To this end, co-precipitation and sol-gel (one in citric acid 
and the other in Tween 20) methods were used to prepare nanoparticles of hematite. 
A slightly modified Pechini-type sol-gel method was used to prepare 
LnBi0.2A0.2Mn0.1FeO(3-δ). These materials were annealed at different temperatures to 
discern the effect of calcination temperature on the resultant properties.  All these 
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materials were analysed for their morphology (SEM, TEM), structure (PXRD, FTIR), 
Fe
3+
 distribution (Mössbauer spectroscopy), and magnetic properties (VSM). 
Their activities as photocatalysts were tested on the organic dye RhB on their own or 
with the addition of H2O2. 
1.2 Structure of thesis 
This thesis is written in manuscript format and consequently consist of a series of stand-
alone chapters. 
Chapter 2 contains the literature review and background information to this study.  It 
covers a description of advanced oxidation processes (AOP) and the mechanism of free 
radical generation, the chemical routes for synthesis of functional nanomaterials, 
instrumentation used for material characterisation, a discussion on the magnetic and 
photocatalytic properties of hematite and perovskites and a review of published work on 
synthesis, magnetic and photocatalytic properties of hematite and perovskites. 
Chapter 3 describes the synthesis and characterisation of hematite nanoparticles that 
have been synthesized via three different synthesis routes, namely, co-precitation, a 
citric acid sol-gel route in citric acid and a sol-gel route in Tween 20.  The structure and 
magnetic properties of these materials were characterised and their efficiency in the 
photodegradation of rhodamine B was investigated and discussed. 
Chapter 4 describes the synthesis and characterization of a perovskite-like solid solution 
(Ln0.5Bi0.2A0.2Mn0.1)FeO3-δ (where Ln = Nd, A = Ca, Sr and Ba and δ is a fraction which 
indicates deficiency in the oxygen content of the powders).  The evolution of the pure 
perovskite phase, lattice parameter, BET specific surface area (SSA) were investigated 
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and discussed with respect to the variations in A.  The effect of annealing temperature 
on the magnetic properties in relation to the saturated magnetization and coercive field 
were investigated and discussed.  The optical activities of the materials were also 
investigated and compared. A comparison of the photocatalytic properties of these 
materials with respect to annealing temperature on RhB dye were also investigated and 
discussed. 
Chapter 5 describes the synthesis and characterization of perovskite-like solid solutions 
(Ln0.5Bi0.2A0.2Mn0.1)FeO3-δ (where Ln = Eu, and A = Ca, Sr and Ba) in which Nd in the 
previous series is now replaced by Eu and the Group II cations is varied as before.  The 
annealing temperatures were readjusted to 600, 700, 800 and 900 °C.  The evolution of 
the pure perovskite phase, lattice parameter, BET specific surface area (SSA) were 
investigated and discussed with respect to the variations in A.  The effect of annealing 
temperature on the magnetic properties in relation to the saturated magnetization and 
coercive field was investigated and discussed.  The optical activities of the materials 
were also investigated and compared. A comparison of the photocatalytic properties of 
these materials with respect to annealing temperature on RhB dye was also investigated 
and discussed. 
Chapter 6 describes the synthesis and characterization of a perovskite-like solid solution 
La0.5Bi0.2Sr0.2Mn0.1FeO3-δ.  Here the rare earth metal was replaced with La and the only 
Group II metal used was Sr.  The materials were calcined at temperatures of 400, 500, 
600 700, 800 and 900 °C.  This allowed the monitoring of the evolution of the pure 
perovskite phase, the variation of the lattice parameters and the BET specific surface 
area (SSA) with annealing temperature, were investigated and thoroughly discussed.  
The effect of annealing temperature on the magnetic properties in relation to the 
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saturation magnetization and coercive field was investigated and discussed.  The 
photocatalytic properties of these materials with respect to annealing temperature on 
RhB dye were also investigated and discussed. 
Chapter 7 describes the synthesis and characterization of a perovskite-like solid solution 
La0.5Bi0.2Ba0.2Mn0.1FeO3-δ where the Sr in the previous material was replaced with Ba.  
Here also the evolution of the pure perovskite phase, lattice parameter, BET specific 
surface area (SSA) were investigated and thoroughly discussed.  The effect of annealing 
temperature on the magnetic properties in relation to the saturated magnetization and 
coercive field were investigated and discussed.  The photocatalytic properties of these 
materials with respect to annealing temperature on RhB dye were also investigated and 
discussed. 
Chapter 8 describes the synthesis and characterization of a third La substituted 
perovskite-like solid solution in which the Group II metal cation of the previous 
material has been replaced with a Ca to form La0.5Bi0.2Ca0.2Mn0.1FeO3-δ.  Again, the 
evolution of the pure perovskite phase, lattice parameter, Brunauer-Emmett-Teller 
(BET) specific surface area (SSA) were investigated and thoroughly discussed.  The 
effect of annealing temperature on the magnetic and photocatalytic properties of these 
materials on RhB dye were also investigated and discussed. 
Chapter 9 contains the summary of the work and results obtained from Chapters 3 
through to 8 and the conclusions drawn from the research work thus far and suggestions 
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Chapter 2  
Literature Review 
This chapter contextualises the background to the theme which is covered in this thesis.  
It discusses the most relevant aspects which have been explored in this work namely; 
advanced organic processes and their mechanisms, nanomaterials, synthesis route for 
these materials, characterisation and application. 
2.1 Advanced oxidation process 
Advanced organic processes (AOP) involve the use of a light source and powerful 
oxidising reagents, such as H2O2 or O3, to generate highly reactive radical species such 
as the hydroxyl radical (OH
•
), which attack and initiate the process of degrading 
molecules of organic pollutants.  The AOP setup may use various types of combinations 
to generate these radicals.  Table 2.1 provides some examples of typical AOP systems 
and their mechanisms for generating radical species [1, 2]. 
Table 2.1: Some AOP systems and their mechanism for generating a radical species. 
Oxidation reagents Activation mechanism 
O3/H2O O3 + H2O → 2HO
• + O2 
H2O2/Fe
2+
 (Fenton reagent) H2O2 +  Fe
2+ → Fe3+ + 2HO•   
H2O2/Fe
3+
 (Fenton-like reaction) H2O2 +  Fe
3+ → FeOOH2+ + H+   
 FeOOH2+ → Fe2+ + HO2
•    
H2O2 +  Fe
2+ → Fe3+ + 2HO•   
O3/H2O2 2O3 + H2O2  → 2HO
• + 3O2 





 O3 +  Fe
2+ → FeO2+ + O2  
H2O +  FeO
2+ → Fe3+ + HO+ + HO−   
Photocatalysis PC +  ℎ𝜈 → PC + e− + h+ 
O2 + e





2.2 Photoinduced processes 
The last twenty years have seen an increased interest in studying photoinduced 
processes with a view to understanding and harnessing their potential in chemical, 
environmental and industrial applications [3].  Most photoinduced processes exploit the 
ability of some materials to absorb light and excite electrons from a valence band (VB) 







pair capable of initiating processes for destroying pollutants, chemical conversions and 
other useful processes, such as biomass conversion and environmental detoxification on 






 pair [3].  When a catalyst is involved in a photoinduced 
process, the reaction is referred to as photocatalysis and the catalyst as a photocatalyst. 
When the photocatalyst is not in the same phase as the pollutants the process is referred 
to as heterogeneous photocatalysis. 
Semiconductors and other metal oxides have become the materials of interest in studies 
of photocatalysis for environmental remediation and wastewater purification [3].  
Materials such as ZnO (Eg = 3.2 eV), WO3 (Eg = 2.8 eV), TiO2 (anatase, Eg = 3.2 eV), 
TiO2 (rutile, = 3.0 eV), α-Fe2O3 (Eg = 2.2 eV) and SrTiO3 (Eg = 3.4 eV) have all been 
studied with a view to maximize the efficiency of photocatalytic reactions.  A 
photocatalytic process is generally composed of the following steps: (i) adsorption of 
the pollutant molecules on the surface of the photocatalyst, (ii) absorption of light by the 




 pair which initiates the 
redox reaction, (iv) de-excitation of the e
-
, and (iv) desorption of the product molecules 




PC +  ℎ𝜈 → PC + e− + h+        (2.1) 
H2O + h
+ → H+ + ˙OH        (2.2) 
O2 + e
− → ˙O2
−         (2.3) 
˙O2
− + H+ → HOO•         (2.4) 
2HOO• → H2O2 + O2         (2.5) 
H2O2 + e
− → OH− + ˙OH        (2.6) 
Equations 2.1-2.6: Representative mechanism for generating free radical in a 
photocatalytic reaction. hc is light energy, h
+
 is the positive hole and 𝑒− is the negative 
electron 
The most widely used photocatalyst, TiO2, has a bandgap of about 3.2 eV for the 
anatase phase and 3.0 eV for the rutile phase. Both phases require high energy 
wavelengths within the ultraviolet UV region of the electromagnetic spectrum for 
excitation.  More effective use of solar radiation could be made by producing 
photocatalysts that have smaller bandgaps (about 2.1 eV), and therefore lower energy 
wavelengths (λ ≥ 380 nm) can be utilised by these materials.  These wavelengths 
correspond to the visible region of the electromagnetic spectrum and since it constitutes 
about 43% of the solar radiation reaching the earth [3], this is more desirable.  As stated 
earlier, hematite and some perovskite oxides nanomaterials have bandgaps that fall 
within the visible region of the solar spectrum and as such can utilize sunlight 
effectively for decomposition of organic pollutants.  It is therefore important to 




2.3 Synthesis of functional nanomaterials 
The synthesis of functional nanomaterials can be achieved through various chemical 
methods.  The synthesis methods are usually tailored to suit the size and morphology of 
the intended materials.  Some simple methods that have been used for synthesis of 
functional nanomaterials include those that will be described further in the subsequent 
sections. 
2.3.1 Coprecipitation 
The coprecipitation method is a simple method for the synthesis of functional 
nanomaterials. It involves the precipitation of soluble ions of the target materials by the 
action of an alkali (e.g. NaOH, KOH).  This is followed by washing, drying and 
annealing at suitable temperatures to obtain the desired materials [4-6].  Surfactants are 
sometimes added to try and control the size of the product [7] but size control is 
generally poor for this method. 
2.3.2 Hydrothermal/Solvothermal method 
In this method, the chemical precursors are dissolved in a solvent (e.g. water or other 
organic solvents) or a mineralizer (e.g. KOH) and then subjected to heat at temperatures 
of around 200 °C in a Teflon-lined autoclave or a Parr bomb reactor at high pressure.  
The materials formed are then washed and dried [8-12].  The crystal structure and 
growth can be controlled by the use of structure directing agents or templating and 





2.3.3 Microemulsion method 
In the microemulsion method, a dispersion of immiscible liquids (oil/water) is stabilized 
by using surfactants and co-surfactants.  The tiny droplets of either oil or water act as 
nanoreactors within which the materials are produced.  Three types of microemulsion 
systems have been widely used for synthesis of nanoparticles, these are: (i) the oil-in-
water (O/W) systems: These are systems in which spherical droplets of oil are dispersed 
in water, the oil droplets act as the nanoreactors in this system, (ii) the water-in-oil 
(W/O) systems; here, spherical droplets of water are dispersed in oil and the water 
droplets act as the nanoreactors and (iii) the water-in-supercritical carbon dioxide 
(W/sc-CO2) in which water is dispersed in supercritical carbon dioxide and the water 
droplets act as the nanoreactors.  Barring the cost of the reagents employed in this 
method, the size control is very good (a very narrow size range is possible) and 
materials with particle sizes range 5-25 nm are easily produced.  Some chemicals that 
have been used as surfactants, co-surfactants and stabilizers in microemulsion synthesis  
include sodium bis(2-ethylhexyl) sulfosuccinate (often referred to as Aerosol OT 
(AOT)), cetyl trimethylammonium bromide (CTAB), perfluoropolyethercarboxylic 
(PFPE) acid, Triton X, Igepal, sodium lauryl sulfate (SLS), tween 80, polyethylene 
glycol, dodecanthiol, trioctyl phosphine (TOPO) and bis(2-ethyl-hexyl) amine [14-16]. 
2.3.4 Sol-gel method 
The sol-gel route for the synthesis of nanomaterials is a very handy and versatile route 
for making functional nanomaterials.  It involves the addition of a complexing agent 
(e.g. a polymer, citric acid or other suitable organic entities) to a solution of a colloidal 
dispersion of the metal ions of the target material, these complexing agents serve as 
cross-linkers between the ionic entities in solution [17, 18].  This is followed by a 
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gradual removal of the solvent molecules from the mixture to form a thick gel.  The gel 
is dried and then calcined to produce the required precursor [19, 20].  In the Pechini 
method, a stoichiometric amount of citric acid and ethylene glycol is mixed with a 
solution of the metal nitrates of the target material.  The temperature of the mixture is 
maintained at about 90 °C with continuous stirring to form a thick gel. The gel is then 
dried and precalcined to obtain the as-prepared powder. The as-prepared powders are 
then annealed at higher temperatures to obtain the finished product.  Metal oxides can 
also be used as starting materials in this method [21, 22]. 
2.3.5 Combustion synthesis 
This are a very widely used technique in the synthesis of ceramic, structural and 
functional materials. The technique has been used for the synthesis of a variety of 
functional materials such as ceramics, zeolites, mixed oxides and polymers.  Different 
variants of this procedure can be described depending on either the medium in which 
the reaction occurs or the temperature at which they occur.  A few examples of these 
processes include: (i) solid-state combustion method, (ii) low- or high-temperature 
combustion synthesis (LCS or HCS), (iii)  solution combustion synthesis (SCS), and 
(iv)  gel- and sol-gel combustion [23, 24].  Self-combustion processes exploit the fast, 
self-sustaining exothermic reaction that occurs between metal salts and organic fuels to 
bring about the production of functional materials [25].  Nitrates of metals in the target 
materials are mixed with chemical fuels (e.g. glycine, hydrazine or urea) and then 
heated to certain temperatures to ignite the mixture.  The combustion is usually quick 




2.3.6 Mechanochemical method 
The mechanochemical method of synthesis is very commonly used in ceramic 
fabrication. It involves the mixing of stoichiometric quantities of the starting chemicals 
(mostly metal oxides) and milling them for a long period of time to produce very fine 
powder of the target materials.  As solid-state reactions are very slow, the long milling 
period is necessary in order to increase the reacting surfaces of the ions thereby creating 
more efficient interaction between the ions.  The energy requirement of this process is 
very high [29-31]. 
2.4 Characterisation of photocatalytic materials 
The synthesis of materials is normally followed by other procedures aimed at 
characterizing and elucidating the structure and properties of the materials.  These 
procedures normally require the use of some sophisticated instrumental equipment.  The 
following are some of the procedures used in material characterisation. 
2.4.1 Powder X-ray diffraction 
X-rays are produced when high energy electrons emitted from a hot filament are made 
to collide with K-shell electrons in a target metal (Cu, Mo or Co).  The K-shell electron 
is ejected and a vacancy is created in the K-shell.  Electrons drop from the L- or M-shell 
to fill this vacancy and emit X-rays.  A crystal lattice is composed of unit cells built 
from atoms anchored between arrays of atomic planes separated by a distance of d.  For 
incident X-rays to be diffracted, the angle of diffraction must satisfy Bragg’s law of 
diffraction which is given by nλ = 2dsinθ (where n is an integer, λ is the wavelength of 
the incident X-ray, d is the space between atoms in adjacent planes and θ is the angle of 
incidence with respect to a particular lattice plane). 
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Powder X-ray diffraction (PXRD) is a versatile, non-destructive technique that can be 
used for phase identification and characterization of the structure of crystalline 
powdered materials. Its power lies in being able to generate unique fingerprints for 
different structures, the implication of which is that powders can be identified by 
matching the generated diffracted fingerprints with fingerprints from a database of 
known structures.  Other information that can be obtained from X-ray diffraction 
include phase purity of crystalline materials, crystallinity, interatomic distance and the 
lattice parameters of the unit cell.  Crystallite sizes of powder grains can also be 
estimated by using the Scherrer equation (D = Kλ/βcosθ, where K is the Scherrer 
constant, λ is the wavelength of radiation and β is full width at half maximum). 
The instrument for a PXRD consists of three basic components.  These are: (i) the 
cathode ray tube which generates the electrons, (ii) the sample holder and (iii) the X-ray 
detector.  The goniometer rotates the sample in the holder and maintains the angle of 
incident x-rays on the sample and detector.  The instrument used in this work was a 
Bruker D8 Advance instrument with a Cu Kα radiation source (λ = 1.5406 Å) equipped 
with a DIFFRAC
plus
 BASIC evaluation package. 
2.4.2 Electron microscopy 
Electron microscopy is a powerful tool for analyzing the shape, size and surface 
morphology of powdered nanomaterials.  Enlarged images of particles (of up to several 
thousands) obtained from scanning electron microscopy (SEM) allows for the analysis 
of the morphology, crystal structure, crystal surface and chemical composition at the 
surface of the powdered particles.  SEM is composed of five fundamental parts namely; 
the gun, which is the source of the electron beam, electron lenses, the sample 
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compartment, the signal detectors, and data readout.  The high energy electrons 
produced from the gun are used to scan the sample. The images are produced through a 
variety of signals collected from the surface of the samples by the detector, processed, 
and are collected at the data interface.  The sample is normally spread on a small piece 
of black tape stuck to the flat head of the pin shaped sample holder.  The samples can be 
observed directly if it is conducting, or gold or carbon coated if they are non-conducting 
[32, 33]. 
The Transmission electron microscopy (TEM) and high resolution transmission electron 
microscopy (HRTEM), being more powerful, allow for a closer look at individual 
crystallites in the powder.  HRTEM can provide information on the lattice fringes of the 
crystallites.  The instrumental set-up of the TEM is similar to that of the SEM.  The 
basic components of the instrument includes, the gun, which is the source of the 
electron beam, the electromagnetic lense, the sample stage which allows for rotation of 
the sample, the recording device, and the data output device.  Only a thin film of the 
sample can be analysed on the TEM as the electrons need to be transmitted through the 
material before the materials can be analysed.  The samples are prepared by first 
dispersing a very little amount of the sample in ethanol by sonication.  A thin film of the 
sample is then spread on a carbon grid by dipping the grid into the ethanol dispersion.  
The grid is left to dry before images are collected [32].  The TEM instrument used in 
this work was a JEOL JEM-1010, operating at an acceleration voltage of 120 V and the 
HRTEM instrument was a JEOL-JEM 2100 LAB6, equipped with a lanthanum 




2.4.3 Mӧssbauer spectroscopy 
57
Fe Mӧssbauer spectroscopy is a powerful non-destructive analytical method used for 
material characterization. Its power lies in its ability to detect iron in its environment 
and give a very precise insight into its electromagnetic properties.  The Mӧssbauer 
effect arises due to the recoilless emission and absorbance of 14.4 keV γ-rays by nuclei 
within the crystal lattice of materials.  Mӧssbauer spectroscopy is a unique technique 
which is very effective in the study of hyperfine interactions emanating from the way 
the electromagnetic moment of the nucleus interacts with the electromagnetic field of 
the electrons in its environments. This allows for the monitoring of the electron density 
around the nucleus. 
The hyperfine parameters from which useful Mӧssbauer information are derived include 
the chemical isomer shift (IS), which gives information regarding the spin and oxidation 
state of the iron ion, as well as the interaction between the nuclear charge and the 
electronic density around the nucleus, quadrupole splitting (ΔEQ) provides information 
about the symmetry of the charges around the nucleus and the hyperfine magnetic field 
(Bhf) which provides information regarding the magnetic properties of the iron ion [34].  
The instrument used in this work was a conventional spectrometer using a 25 mCi 
57
Co 
source sealed in a rhodium matrix and vibrated at constant acceleration, and calibrated 
by using a natural α-iron foil. 
2.4.4 Fourier transform infrared spectroscopy 
Infrared spectroscopy is a very good technique for studying the nature of the covalent 
bonds that exist in synthesized materials.  It utilizes the infrared region of the 
electromagnetic spectrum for this purpose.  Various kinds of functional groups can be 
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identified by using this method from their vibrational modes which are normally of 
different types (e.g. scissoring, stretching and bending) and are said to be infrared-
active.  For iron and perovskite oxides, the most important peaks occur between 300 and 
650 cm
-1
.  This region contains peaks which are due to infrared-active vibrational modes 
for Fe-O and other metal-O bonds as well [35-39].  The FTIR instrument is composed 
of five basic parts.  These include the infrared radiation source, the interferometer, the 
sample compartment, the detector and finally the data output device.  In FTIR-ATR 
(Attenuated total reflectance) systems, the infrared radiation only interacts with the 
surface of the sample through the ATR crystal which is made of either ZnSe or Ge.  A 
very small amount of sample is required for FTIR–ATR measurements and no sample 
preparation is required.  The instrument used in this work was a PerkinElmer Spectrum 
RX1 fitted with a Ge ATR crystal. 
2.4.5 Photoluminescence spectroscopy 
Photoluminescence (PL) spectroscopy is a versatile, sensitive and non-destructive 
method used in the analysis of surface properties of functional materials.  PL spectra 




 pair when the e
-
 loses 
the energy it gained for excitation to occur.  Room temperature PL has been shown to 
occur in materials due to surface defects or impurities in their crystal lattice which 
might lead to formation of several trap states between the valence and conduction 
bands.  An increase in the density of these trap states has been shown to correspond to 
an increase in the intensity of the emission and decreases with increasing efficiency of 
the carrier transport [40, 41].  The optical, optoelectronic and photocatalytic properties 
of perovskites have been studied by using PL spectroscopy and it has been shown that 
their band-gap energies fall mostly within the visible region of the electromagnetic 
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spectrum [42-45].  The PL instruments also have three basic components.  These are the 
light source (which is a xenon lamp in the PerkinElmer LS instruments), the sample 
holder (a solid probe specially designed for powdered samples) and a suitable detector.  
No sample preparation is required before these measurements are done.  The instrument 
used in this work was a PerkinElmer LS 55 spectroflourimeter. 
2.4.6 Vibrating sample magnetometer 
A vibrating sample magnetometer (VSM) measures the magnetic properties of 
materials.  In a VSM the sample is placed in between a uniform magnetic field, with 
sensing coils suitably placed to pick up the induced voltage as the sample is sinusoidally 
vibrated in the magnetic field the induced voltage is proportional to the magnetization 
of the sample.  The result is presented in the form of a hysteresis loop which gives the 
relationship between the sample magnetization and the corresponding applied magnetic 
field (the M – H loop).  Very important information about the magnetic properties of 
magnetic materials can be determined from the M – H loop and the magnetic properties 
of the material characterized.  Soft and hard magnetic materials, ferromagnetic, 
antiferromagnetic, diamagnetic, paramagnetic, superparamagnetic and even the 
presence of more than one magnetic phase can all be determined from the hysteresis of 
an M – H loop. A very little amount of sample is required for magnetic hysteresis 
measurements (about 0.02 g) and no sample preparation is required [46].  A Lakeshore 
735 VSM instrument was used throughout this work. 
2.4.7 Surface area measurements 
The surface area of a material refers to the open surface on the material which is 
available for adsorption of gas molecules.  The Brunauer Emett and Teller (BET) 
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equation is an extension of the Langmuir equation.  It uses the physisorption of gases 
such as N2, Ar and Kr on the surface of the material that have been degassed (removal 
of all sorts of physisorbed entities) at low temperature to determine the total surface area 
available for adsorption.  Other information that can be determined from the BET 
measurement include average pore size and pore size distribution (PSD).  Samples are 
weighed into the sample tube (about 0.25 g) and are degassed first by a steady stream of 
nitrogen gas into the tube in a degassing chamber set at a temperature of 90 °C for an 
hour, next the gas flow is turned off and switched to vacuum to remove all the adsorbed 
N2 gas on the sample and the temperature ramped up to 200 °C and left to evacuate 
overnight.  The sample is then reweighed before the sample tube is attached to the 
analysis port.  The instrument used for BET surface analysis in this work was a 
Micromeritrics Tristar II 3020 with three analysis ports, this means that three samples 
can be run simultaneously. 
2.5 Literature review 
Here, we present a quick review of published work on synthesis routes, magnetic and 
photocatalytic properties of hematite (α-Fe2O3) and perovskite-like orthoferrites. 
2.5.1 Synthesis 
The synthesis of α-Fe2O3 have been extensively researched and various simple methods 
for the preparation of various particle sizes and shapes have been developed. α-Fe2O3 
nanoparticle synthesis mostly involves the use of simple chemicals such as FeCl3.6H2O, 
FeNO3.9H2O, Fe2(SO4)3.H2O, FeSO4.7H2O, NaOH, KOH and HCl as starting materials. 
Among the most widely used methods for the synthesis of α-Fe2O3 nanoparticle is the 
hydrolysis method.  This involves the hydrolysis of soluble metal ions by either the use 
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of heat (thermolysis) or the use of alkali (forced hydrolysis) [47-51].  This method is 
very cost-effective, the starting materials being FeCl3.6H2O and HCl. α-Fe2O3 
nanoparticles with a size range between 75 and 200 nm can be obtained by using this 
method.  Size control has been shown to be possible in this method by varying some 
experimental conditions like pH, addition of some tri- or tetravalent cations [52], 






) and the addition of surfactants (e.g. 
polyethylene glycol) [49, 53-56].  
The coprecipitation method has also been extensively used to prepare α-Fe2O3 
nanoparticles.  It is also a simple method in which soluble metals are precipitated by 
using an alkali.  Aside its simplicity, coprecipitation also has the advantage of a high 
percentage yield but the control of size and morphology is difficult.  Some workers have 
used surfactants, such as CTAB (cetyltrimethyl ammonium bromide), in the reaction 
mixtures to serve as size and shape control agents [57, 58].  It proceeds via the 
formation of ferrihydrites [59] or goethite [58, 60] with three distinct stages.  These are 
the nucleation stage, the growth stage, which leads to the formation of the ferrihydrite or 
goethite normally at mild temperatures (between 60 and 80 °C), and then the 
dehydration stage (normally at elevated temperatures of 250 °C and above) which leads 
to the formation of the α-Fe2O3 nanoparticles [60-62].  This method has been used to 
successfully synthesize pure and doped α-Fe2O3 nanostructures with different shapes 
like nanorods [58], spherical [59], polycrystalline [63] and hierarchical nanostructures 
[64].  Numerous perovskite structures, on the other hand, have also been synthesized by 
using the coprecipitation method.  The starting materials in this case are mostly metal 
nitrates which are dissolved in water to form the metal ion solutions while ammonia is 
used as the precipitating agent, precursors are then annealed at high temperatures (800 
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°C and above) to obtain the pure crystalline perovskite powder.  Pure polycrystalline 
perovskites of size range 50-500 nm, which are suitable for advanced technological 
application have been obtained using this method [6, 65-70].  
The hydrothermal method of synthesis is also well-established and has been used for the 
synthesis of various types of functional materials such as microporous ceramics, 
zeolites, molecular sieves, superionic conductors, electronically conducting, magnetic 
materials and a host of other important functional materials.  It involves chemical 
reactions occurring at elevated temperature and pressure in a sealed autoclave.  Feng 
and Xu [13, 62] showed that the method exploits the fact that the physical and chemical 
properties of substances change at elevated temperatures as reactants dissolve and 
become fluid.  Techniques applied in order to control the size and morphology of the 
synthesized materials include templating, the use of surfactants as structure directing 
agents, growth through crystal seeds and complexing.  Nanoparticles with various 
morphologies and sizes have been synthesized by using hydrothermal synthesis and by 
introducing a variety of structure-directing agents and synthesis conditions (i.e. 
temperature and duration of synthesis).  Huang et al. [71] synthesized solid and hollow 
spindles of α-Fe2O3 by means of a hydrothermal route under similar conditions and 
found that addition of CTAB to the second synthesis gave rise to the hollow spindles.  
Gu et al. [72] described the synthesis of snowflakes, micro-pine and bundles, i.e.  
hierarchical hematite structures via a controllable hydrothermal process with two iron 
precursor systems (K4[Fe(CN)6].3H2O and K3[Fe(CN)6]).  The various morphologies 
were obtained by varying the ratio of the two precursors in the synthesis of each of the 
materials. Ahmmad et al. [73] reported the synthesis of mesoporous α-Fe2O3 
nanoparticles in green tea extract.  Spherical mesoporous nanoparticles of size range 
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between 40 and 80 nm were obtained through this green procedure.  Table 2.2 gives a 
range of additives and synthesis conditions used for making various morphologies of 
pure and doped hematite and perovskites. 
Table 2.2: Some additives, synthesis condition and morphologies of hematite and 
perovskites prepared by using the sol-gel method.  DI  stands for deionized water. 
Fe source used Solvent/Additives Temp./time Morphology 
shape/size/product 
Ref. 













FeCl3 1,2-propanediamine 180 
o
C/6hr Nanorods/α-Fe2O3 [75] 
FeCl3
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6H2O  Sodium oleate, 
ethanol, oleic acid 
180 
o
































 9H2O Urea, 
tetrabutylammonium 









 6H2O Sodium acetate, 
acetic acid, water 
200 
o





  9H2O 1:1 water/ethanol 






















































Fe(NO3)3.9H2O DI water/Sodium 
citrate, urea 




FeCl3 DI water/Urea 120 °C/10h Porous flute-like/100 
nm/β-FeOOH 
[78] 
FeCl3.6H2O DI water/sodium 
dodecylbenzen 
sulfonate (SDBS) 







































As earlier stated, the microemulsion method of synthesis can produce very fine particles 
with a very narrow size range.  Wongwailikhit and Horwongsakol [91] synthesized 
uniform hematite nanoparticles with narrow size distribution of about 50 nm in a W/O 
system made up of water, n-heptane and Aerosol OT (AOT) as surfactant.  The 
precursors (NH4OH and FeCl3) were dropped into the emulsion and the Fe2O3 forms in 
the water droplets, the system was allowed to stay overnight with continuous stirring in 
order to achieve equilibrium and the emulsion was broken using distilled water. The 
study was able to relate increase in hematite particle size with corresponding increase in 
water.  Varying the water : oil, surfactant :  oil or water surfactant ratio can also 
influence the nanoparticle sizes of the product as has been described by Han and co-
workers [92].  In a study of microemulsion systems containing water/n-octane/CTAB 
for hematite synthesis, Han and co-workers were able to show that increasing the molar 
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ratio of water to CTAB lead to an increase in particle size of the synthesized hematite, 
while increasing the weight ratio of CTAB to n-octane (the oil) lead to a decrease in the 
particle size.  In the case of perovskites, several perovskite-like systems have been 
synthesized by using the microemulsion method. For rare earth containing orthoferrites, 
the precursors are usually soluble nitrates of the desired metals.  LaMnO3 and LaFeO3 
(prepared through reverse and bicontinuous phase) with good catalytic properties for the 
reaction between NO and CO have been described by Giannakas et al.[93].  A similar 
reverse microemulsion method has also been described for the preparation of La1-
xMxFeO3, (where M = Sr, Ce) for the catalytic reaction between NO and CO; the 
synthesized materials had a high BET SSA and a particle size range between 20-80 nm 
which is an added advantage for catalytic surfaces [94].  Li et al. [95] also described a 
water-in-oil reverse microemulsion synthesis of Ca-doped LaFeO3 with good visible 
light photocatalytic activity for degradation of methylene blue dye starting with the 
nitrates of the metals.  The disadvantages of this method include the high cost of oils 
and surfactants used, low yield of synthesized materials and the difficulty associated 
with product recovery.  
In the sol-gel process of nanomaterials synthesis, the selection of a complexing/size and 
shape-directing agent are very crucial for a successful synthesis of materials of desired 
size and shape  [17, 18].  In the synthesis of hematite nanoparticles, the process 
sometimes goes through the formation of a less stable iron oxide polymorph γ-Fe2O3 or 
both γ- and α-Fe2O3 form together and pure α-Fe2O3 only forms when calcined at higher 
temperatures [19, 96, 97].  Zhang et al. [19] dissolved Fe(NO3)3.9H2O and citric acid in 
deionized water in a 1:1.1 ratio, refluxed the mixture at 70 °C and removed the water by 
rotary evaporation, dried the product and calcined it at different temperatures.  The 
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results show the formation of γ-Fe2O3 at lower calcination temperatures; α-Fe2O3 peaks 
only started appearing for powders calcined at temperatures above 250 °C.  A similar 
procedure was employed by Pawar et al. [20] by using a 1:1 mixture of citric acid and 
oxalic acid as complexing agents.  The synthesized powders were calcined at 
temperatures between 450 and 650 °C to obtain  α-Fe2O3 nanoparticles.  The α-Fe2O3 
phase formation started at 550 °C and the average particle size was 12.7 nm, the highest 




 was obtained for powders calcined at 600 °C.  Other organic 
solvents can be used in place of deionized water. Ramesh et al. [97] for example 
dissolved Fe(NO3)3 in ethylene glycol (EG) with vigorous stiring and continuous 
heating to form the gel.  The gel was dried at 300 °C for 5 h in air to form the α-Fe2O3 
nanoparticles.  The sol-gel method is also very suitable for synthesizing thin films of 
hematite on glass.  Thin films of undoped and doped α-Fe2O3 nanostructures were 
synthesized starting with the precursor FeCl3.6H2O which was dissolved in 2-
methoxyethanol (C3H8O2) and ethanolamine (C2H7NO) [98].  Walker and Tannenbaum, 
[99] on the other hand, used Fe(NO3).9H2O as precursor.  The precursor was dissolved 
completely in ethanol by stirring vigorously on a magnetic stirrer and gelation 
chemicals (propylene oxide, THF or pyridine) were then added.  In both cases, the film 
was made on the glass by dip coating. Sol-gel synthesis of perovskite-like materials 
usually starts with metal nitrates or oxides which are dissolved in deionized water or 
dilute nitric acid to form a clear solution, followed by the addition of solutions of the 
crosslinkers and dispersants. These are citric acid and ethylene glycol in the Pechini 
method but other chemicals can also be used. Yang et al. [22] synthesized a series of 
La0.6Sr0.4FeO3-δ that were precalcined at 800 °C for 8 h, pressed into pellets and calcined 
at different temperatures between 1000 and 1200 °C for 24 h and obtained materials 
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whose X-ray diffractograms were fitted to the rhombohedral (space group R3C) 
symmetry.  Li et al. [100] also synthesized similar perovskite-like structures (La1-
xSrxFeO3-δ; x = 0-0.3) and calcined at much lower temperatures (600-650 °C) and 
obtained particles with an average crystallite size of 20 nm.  Magalhaes et al. [101] 
synthesized highly crystalline pseudo-cubic LaMn1-xFexO3 and LaMn0.1-xFe0.90MoxO3 by 
using the Pechini sol-gel method.  Also solid solutions like rhombohedral BiFeO3 and 
Ba-doped BiFeO3 [102], rhombohedral La(1-x)SrxCo(1-y)FeyO3 (x = 0, 0.3 and y = 0, 0.2) 
[103], orthorhombic La0.8Sr0.2(Mn, Fe, Co)O3 [104] and La(1-x)SrxGa(1-y)MgyO3-(x+y)/2 for 
various values of x and y [105-107] have all been made by using the citric acid method.  
Vazquez-Vazquez et al. [108] synthesized Ca substituted LaMnO3 (La0.67Ca0.33MnO3±δ) 
in a sol-gel method containing urea as the gelification agent.  A self combustion sol-gel 
method has also been used to synthesize REFeO3 materials where RE = Y, La and Gd 
[109]. 
Wang et al., [26] described a simple self-combustion method for the synthesis of 
perovskite materials with general formula REFeO3 (where RE = rare earth).  It involved 
dissolving stoichiometric amounts of the precursors (metal nitrates) and glycine in 
distilled water and stirring with a magnetic stirrer, and by eliminating the water content 
at a temperature of about 70 °C, the solution ignited to form the perovskite.  A similar 
method has also been used by Bellakki et al. to synthesize (La, Ag)FeO3 [38] and Cd 
substituted LaFeO3 [110].  Li et al. [27] also described another combustion method by 
using ionic liquids.  The precursors, as in the previous case, are metal nitrates 
Fe(NO3)3.9H2O and La(NO3)3.6H2O, mixed with triethylamine hydrochloride 
(C2H5)3N.HCl (which serves as both the source of the cations in the ionic liquid and the 
fuel) and heated to a temperature of about 80 °C in air until they self-combust.  In the 
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case of α-Fe2O3 nanoparticles, Deraz and Alarifi [111] have reported combusting a 
mixture of Fe(NO3)3.9H2O and glycine to obtain α-Fe2O3 nanoparticles. 
The solid-state method for the synthesis of α-Fe2O3 nanoparticles via the combustion 
oxinates was described by Barrero et al. [112].  They synthesized Zn- and Ni-doped α-
Fe2O3 nanoparticles in mixed form with ferrites (NiFe2O4 and ZnFe2O4) by combusting 
the mixed oxinates at 700 °C.  Solid-state synthesis for perovskites involves mixing of 
stoichiometric amounts of the precursors followed by annealing at high temperature 
[113-119].  In the mechanochemical synthesis, however, longer milling time replaces 
calcinations at high temperatures [120, 121]. 
2.5.2 Magnetic and Photocatalytic properties 
The magnetic and photocatalytic properties of materials is affected not only by the 
composition of the materials, but also by their shapes, sizes and morphology which are 
all dependent on the synthesis route which was used in the synthesis of the 
nanomaterials.  The following presents summaries of published work that shows the 
effect of synthesis route on the magnetic and photocatalytic properties of hematite and 
some perovskites. 
2.5.2.1 Hematite 
The physical properties of functional materials vary with the method of synthesis.  
These include shape, size and even crystal defects in the lattice of the nanomaterials.  
Kamali et al. reported substantially different magnetic properties for two different α-
Fe2O3 nanoparticles that were synthesized by the same method of sol-gel but with 
different tools for stirring [122].  Tadic et al. [82] synthesized plate-like α-Fe2O3 
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nanostructures and showed that changes in the shape and microstructure of the material 
could lead to an increase in the coercivity of the material after comparing the results 
with those of materials with different morphologies.  Guo et al. [77] used the 
hydrothermal route to synthesize α-Fe2O3 nanoparticles with different sizes and 
morphology.  Samples with different shapes showed slightly different magnetic 
behaviour, the trend for the coercive fields, however, was as expected: an increase with 
increase in crystallite sizes.  Lian et al. [86] investigated the effect of the ionic liquid 1-
n-butyl-3-methylimidazolium chloride ([bmim]Cl) on the morphology and magnetic 
properties of synthesized α-Fe2O3 nanoparticles and reported a variation in 
magnetization (all below 1.0 emu g
-1
) and coercive field with change in the morphology 
of the materials.  The Uv-visible measurements on the materials also indicated that their 
optical activities are also morphology dependent.  Liu et al. [74] used a surfactant 
assisted hydrothermal route to synthesize α-Fe2O3 nanorods and nanotubes and showed 
that the magnetic properties of the particles were shape-dependent as both samples 
showed a difference in the Morin temperature Tm.  Zysler et al. [123] had earlier shown 
the dependence of the magnetic properties of α-Fe2O3 nanopaticles on the crystallite 
sizes.  The room temperature magnetization of pure α-Fe2O3 is usually low and its 
coercivity is dominantly controlled by its magnetoelastic anisotropy (which depends on 
the crystallite size) [124, 125].  Jacob and Abdu Khadar [126] also synthesized α-Fe2O3 
nanoparticles of various sizes (12, 18 32 and 53 nm) via the coprecipitation route and 
showed that the coercivity of the samples increased with increase in particle size, as 
superparamagnetic properties increase as crystallite size decreased, and that Tm was 
absent in samples with particle size below 20 nm.  Ramming et al. [47] were able to 
synthesize pure spherical α-Fe2O3 nanoparticles through the hydrolysis of ferric chloride 
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solution with an average crystallite size of 41 nm which showed superparamagnetic 
properties.  Although the maximum magnetization of α-Fe2O3 is generally low (below 
1.0 emu g
-1
), some reports have indicated the possibility of obtaining higher values of 
magnetization for pure α-Fe2O3 nanoparticles.  Tadic et al. [127] have reported a 
magnetization of 3.98 emu g
-1
 for pure α-Fe2O3 nanoparticles.  As stated earlier, 
synthesized α-Fe2O3 sometimes comes with γ-Fe2O3 impurities.  such impurities can be 
detected in the PXRD [128].  Although α-Fe2O3 and γ-Fe2O3 have similar values for Hhf 
(hyperfine field) and δ (isomer shift) and cannot be differentiated by using Mӧssbauer 
spectroscopy, the value of the saturation magnetization in the M-H loop can be an 
indicator of the presence of γ-Fe2O3 impurities in α-Fe2O3. Gnanaprakash et al. showed 
the enhancement of the maximum magnetization of α-Fe2O3 in the presence of γ-Fe2O3 
impurities [129].  Also Akbar et al. [130] synthesized α-Fe2O3 via a citric acid sol-gel 
method and showed that a very small amount of γ-Fe2O3 impurity in the α-Fe2O3 can 
lead to a very significant increase in the value of saturation magnetization. 
α-Fe2O3 nanoparticles have been shown to have good catalytic and photocatalytic 
properties and like other physical properties, it has been shown that these properties 
may also depend on the size and morphology of the particles.  Lian et al. [11] 
synthesized hollow and broken peanut-shaped α-Fe2O3 nanostructures via the 
hydrothermal route and tested the photocatalytic properties of the materials on the 
photodegradation of diethyl phthalate DEP under irradiation from a 125 W UV lamp 
and in the presence of 0.02% H2O2, they reported an increase in efficiency from 88.5% 
for the hollow peanuts to 96.8% for the broken peanuts.  The difference in the 
morphology of the materials was obtained by adding the surfactant CTAB in the 
synthesis procedure for the materials with broken peanuts shape.  Xu et al. [131] also 
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reported the visible light photodegradation of rhodamine b (RhB) dye by α-Fe2O3 with 
various sizes and morphology in the presence of H2O2. The materials had been 
synthesized via a solvothermal process in a mixture of glycol and distilled water.  Zhou 





) via the α-FeOOH coprecipitation method. The α-Fe2O3 powder 
showed very good photocatalytic properties for the degradation of RhB dye under UV 
irradiation, and electrochemical properties for use in Li-ion batteries [57].  Tong et al. 
[64] also degraded RhB by using α-Fe2O3 hierachical nanostructures with crystallite 




 that were synthesized via a 
coprecipitation route in D-(+)-glucose. A mass of 0.10 g of the powder was employed to 




 solution of RhB.  The trend in the photodegradation 
showed that the photoactivity increased with decrease in crystallite sizes of the materials 
(which also corresponds to an increase in SSA).  The photocatalytic activity of α-Fe2O3 
on methyl orange under UV irradiation has also been reported [132, 133].  Gu et al. [72] 
used hydrothermally synthesized hierarchical α-Fe2O3 structures for the degradation of 
salicylic acid under UV irradiation.  Cao et al. [134] reported the photodegradation of 
methylene blue (MB) dye by α-Fe2O3 nanoparticles with average crystallite sizes of 20 




 under visible light, MB absorption was monitored at 664 nm. 
2.5.2.2 Perovskites 
Rajendran and Bhattacharya studied a series of orthoferites, LnFeO3 (where Ln = La, 
Sm, Gd, Dy, Er, Yb, and Y) synthesized via the sol-gel route and reported that these 
orthoferrites all showed a weak ferromagnetic property at room temperature which does 
not saturate even in applied fields of 60 kOe for powders with average crystallite sizes 
of 25 nm [135].  Shen et al. also synthesized orthoferrites via the nitrate-citrate 
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combustion route and reported a weak ferromagnetic behavior for the orthoferrites, 
YFeO3 and LaFeO3, and “paraferromagnetic” for GeFeO3.  LaFeO3 formed directly 
after combustion while YFeO3 and GdFeO3 only formed after annealing at 800 °C.  The 
magnetization was higher in the as-burnt LaFeO3, while the coercive field increased 
when calcined at 700 °C [109].  Paramagnetism was also reported for hydrothermally 
synthesized GdFeO3 in an applied magnetic field of 20 kOe [35].  Thuy and Mihn [136] 
demonstrated the dependence of magnetic properties on particle sizes by synthesizing 
LaFeO3 via two different methods namely sol-gel and mechanical milling to obtain 
materials with different particle sizes.  The powder with the smaller particle size (sol-gel 
synthesized, size = 30 nm) had the higher value of magnetization while the powder with 
the larger crystallite size (mechanical milling) had the higher coercive field value.  
Among other factors that affect magnetic properties of orthoferrites, lattice defects also 
play a prominent role in influencing the maximum magnetization.  Cristóbal et al. [121] 
demonstrated the effect of thermal treatment on the lattice defects in two different 
powders of LaFeO3 that had been synthesized via the mechanochemical route. The as-
milled powders were shown to have the highest MS values while the MS values of the 
thermally-treated powders decreased as annealing temperature increased.  Doping or 
partial replacement of the ions in an ABO3 system has been shown to improve the 
magnetic as well as multiferroic, properties of these materials. Consequently, the effect 
of several types of dopants on magnetic properties of pure orthoferrites have been 
studied.  Hu et al. [137] reported an improvement in the magnetic response of BiFeO3 
when doped with increasing amount of Eu
3+
 (Bi1-xEuxFeO3 x = 0, 0.05, 0.1, 0.15, 0.2 
and 0.3) and reaching a maximum at x = 0.1, the magnetization dropped for subsequent 
increase in x values and these they ascribed to a change from the rhombohedral R3c 
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lattice to the the orthorhombic Pbmn lattice.  Du et al. [138] also reported an increase in 
magnetization for Bi1-xLaxFeO3 (where 0.0 ≤ x ≤ 0.2) at room temperature and increased 
from 0.264 to 0.658 emu g
-1
 in an applied field of 30 kOe at 77 K for BiFeO3 and 
Bi0.9La0.1FeO3.  A similar result was also reported by Yan et al. [139] for 
hydrothermally synthesized Bi1-xLaxFeO3 (0.0 ≤ x ≤ 0.1).  Transition metals have also 
been used as dopants for orthoferrites.  Yu and An [140] reported a big improvement in 
ferromagnetic properties of Sr and Mn doped BiFeO3 compared to the pure material.  
First the effect of reduced crystallite sizes was monitored and it was observed that 
smaller particle sizes (30 nm of pure BiFeO3) showed better responses to magnetization 
than the larger crystallite sizes (100 nm).  The magnetic properties were further 
enhanced by the addition of the dopants.  Work has also been done on the following 
bismuth ferrites and orthoferrites to determine the effect of the dopants on the magnetic 
properties of the pure materials: La1-xCaxFeO3 [141], Bi1-xCaxFeO3 [119], La1-xSrxFeO3 
[22, 100], Bi1-xSrxFeO3 [120], Bi1-xBaxFeO3 [102], La1-xCdxFeO3 [110], La1-xAgxFeO3 
[38], BiFe1-xMnxO3 [142, 143],  PrFe1-xNixO3 [144], BiFe1-xCoxO3 [145] and Bi1-
xGdxFeO3 [115, 146]. Bi1-xRxFeO3 (where x = 0 – 1, and R = La, Nd, Sm, Eu and Tb) 
[147].  Sometimes a selection of more than one dopant with the properties of interest is 
used to partially substitute on both the A- and the B-sites. Yan et al. [148] synthesized 
BiFeO3 and Bi1-xLaxFe1-yRuyO3 and observed good improvements in the ferroelectric 
and ferromagnetic properties from BiFeO3 to Bi1-xLaxFe1-yRuyO3.  Godara et al. [117] 
reported very large coercive field values for Bi0.8Ba0.2Fe1-yCoyO3 (x = 0.0 ≤ y ≤0.05) of 
up to 4.47 kOe for y = 0. The increase in magnetization corresponded to the increase in 
the value of x. 
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Visible light photodegradation requires materials with low bandgap energies for 
efficient utilization of visible light, Perovskite-like ferrites with suitable bandgaps have 
been synthesized and demonstrated to effectively degrade organic dyes under visible 
light irradiation.  Jiang et al. [149] synthesized wafer-like BiFeO3 with a bandgap of 
2.05 eV via a hydrothermal route and showed that the material could effectively degrade 
RhB dye under visible light irradiation in the presence H2O2.  BiFeO3 has also been 
shown to be able to undergo a Fenton-like catalytic degradation of RhB dye at an initial 
pH of 5.0 [150].  Gao et al. [151] reported the synthesis of BiFeO3 via a citric acid sol-
gel route and demonstrated the crystallite size dependence on the photocatalytic activity 
for the degradation of methyl orange.  The results showed that the nanoparticulate 
powders were much more effective in the photocatalytic degradation of the dye than in 
the bulk.  Li et al. [152] synthesized various uniform sizes of BiFeO3 microcrystals via 
a controlled hydrothermal method and demonstrated the size dependence of the 
photocatalytic activity of the materials on the degradation of Congo red, again the 
smaller particles were shown to outperform the bigger ones.  Gd-doping on BiFeO3 has 
also been demonstrated to enhance the photocatalytic properties of BiFeO3 in the visible 
light decomposition of RhB dye; a 10 % Gd doping showed the highest rate in the 
experiment [153].  Yang et al. [154] synthesized TbFeO3 nanoparticles via a 
polyacrylamide gel route with an average particle size of 50 nm and an energy bandgap 
of 1.98 eV.  The material exhibited pronounced photocatalytic activity towards the 
degradation of five organic dyes. The activity of the material with respect to dye type 
was observed to follow the order Congo red > acid fuchsine > methylene blue > 
rhodamine B > methyl orange. The kinetics of the reaction could be fitted to first order 
kinetics.  Li et al. [155] reported the synthesis of LnFeO3 (Ln = La, Sm) via a sol-gel 
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route.  The particle sizes and optical band gaps were 29.04 nm and 2.2 eV for LaFeO3 
and 35.08 nm and 2.4 eV for SmFeO3, respectively.  Both materials were very effective 
in the degradation of RhB under visible light irradiation but the rate of decomposition 
was higher for LaFeO3.  Tang et al. [156] used a microwave-assisted sol-gel route to 
synthesize uniform spherical nanoparticles (average crystallite size = 80 nm) of GdFeO3 
and then annealed different portions at 300, 500, 700 and 900 °C.  The photocatalytic 
activities of the powders were tested for the decomposition of methyl orange and the as-
prepared was most effective.  Li et al. [157] also synthesized GdFeO3 nanoparticles 
(average crystallite sizes of 82 nm) via a glycol-assisted sol-gel method and used the 
material for the degradation of RhB.  The nano-sized particles worked better than the 
larger particle sizes and the photocatalytic activities were enhanced by the addition of 
H2O2.  The photocatalytic activities of YFeO3 nanoparticles have also been reported on 
methyl orange by Zhang et al. [158, 159], in which he showed the importance of crystal 
size control in photocatalytic materials on one hand, and also that the photocatalytic 
activity in perovskite-like ferrites could be enhanced by the lattice structure of the 
materials.  Here the hexagonal lattice was reported to have a narrower optical bandgap 
than the orthorhombic lattice and hence had a better photocatalytic property than the 
orthorhombic one.  Ju et al. [160] reported a photo-Fenton-like catalytic avtivity for the 
degradation of RhB under visible light irradiation by using EuFeO3 nanoparticles 
(crystallite size range 18.6 – 25.2 nm), the powders were synthesized via a sol-gel route 
and calcined at 700, 750 and 800 °C.  The highest efficiency was recorded for powders 
that had been calcined at 750 °C.  The generation of hydrogen by visible light in an 
ethanol-water system has also been reported for PrFeO3 nanoparticles [161]. 
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In the current research work both hematite and perovskite materials were synthesized 
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Samples of α-Fe2O3 nanoparticles have been synthesized through the co-precipitation 
route in cetyltrimethylammonium bromide (Hem_PR), via a citric acid sol-gel method 
(Hem_SG) and a modified sol-gel method in Tween 20 (Hem_TW), and each were 
annealed at three different temperatures (400, 500 and 600 °C).  The samples were 
characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy 
(FTIR), transmission and high-resolution electron microscopy (TEM and HRTEM), 
Mössbauer spectroscopy and by means of a vibrating sample magnetometer (VSM).  In 
addition, the photocatalytic behaviour of each sample was tested on the degradation of 
rhodamine B (RhB) in solution.  All the characterization techniques showed the 
formation of phases of pure hematite nanoparticles with improved crystallinity after 
higher temperature annealing.  However, the nanoparticles synthesized in Tween 20 
showed the smallest particle size and highest BET surface area, saturation 
magnetization and photocatalytic activity.  Of particular note was the ability of Tween 
20 to control the growth of the particles so that grain sizes well below 10 nm were 
obtained.  Thus, Tween 20, when used as a surfactant in the sol-gel route, can serve to 
improve the physical properties of synthesized hematite nanoparticles. 
 
Keywords: hematite; nanoparticles; Mössbauer spectroscopy; magnetic properties; 





Hematite, α-Fe2O3, is the most thermodynamically stable of all the known iron oxides.  
It exhibits n-type semiconducting properties at ambient conditions and has a band gap 
energy of 2.1 eV which falls within the visible region of the electromagnetic spectrum.  
When the oxide is prepared in nano-dimensions it exhibits novel physical and chemical 
properties.  Lately, α-Fe2O3 nanoparticles have received increased interest due to some 
of their fascinating properties which stand out from those of the bulk material.  Their 
low cost and non-toxicity, coupled with their wide range of applications, for example, 
they have found use in pigments [1, 2], lithium ion batteries and gas sensors [3, 4], 
catalysis [5, 6], optical and biomedical devices [7, 8], water purification [9], solar 
energy conversion and magnetic materials [3, 10], have made α-Fe2O3 nanoparticles the 
most investigated of all the oxides. 
Nanoparticles of different shapes and sizes can form and these include nanorods [11-
13], nanofibres [14, 15], nanowires [16, 17] and nanocubes [18] among others.  Various 
techniques have been used to synthesize α-Fe2O3.  These include hydrothermal 
approaches, sol-gel processes, combustion, microemulsion techniques, pyrolysis and 
ultrasonic-assisted methods.  The sol-gel and co-precipitation methods stand out as 
methods capable of producing high yields of α-Fe2O3 nanoparticles, with sol-gel being 
more hands-on in terms of morphology control [19].  It is known that the synthesis 
conditions strongly affect the physicochemical properties of the product.  Consequently, 
it is expected that by using a different reaction medium or adding a surfactant in the 
preparation process might influence some of the physical properties (e.g. size, porosity, 
surface area [20, 21]) of the nanoparticles. 
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In this paper, hematite nanoparticles were prepared by means of three different routes, 
namely, (i) chemical precipitation in a cetyltrimethylammonium bromide (CTAB) 
solution, (ii) a sol-gel method in citric acid solution, and (iii) a sol-gel type method in 
the presence of the surfactant Tween 20, with a view to study and compare the structure, 




All reagents were used as received.  These were Fe(NO3)3.9H2O (98% Saarchem), 
NaOH (98% Saarchem), citric acid (99.7% BDH Laboratories), Tween 20 (Prosynth 
grade Riedel-de Haën) and CTAB (95% Aldrich Chemicals).  The deionized water used 




Fe(NO3)3.9H2O (0.02 moles) was dissolved in deionized water containing CTAB (0.03 
moles) and made up to 100 cm
3
 to form a solution.  NaOH (10 M) was then added to the 
solution while stirring to form a reddish-brown precipitate and the pH was adjusted to 
between 11 and 12.  The resulting mixture was poured into a polyethylene bottle, sealed 
and placed in an oven which had been preheated to 80 °C.  The mixture was kept at this 
temperature for 24 hours.  The precipitate (now yellow) was washed several times with 
deionized water, filtered and dried in the oven at 100 °C for 2 hours.  The dried powder 
was then placed in the furnace and heated at 400 °C for 2 hours.  Two other separate 
portions were also annealed at 500 and 600 °C for 2 hours each.  Hematite prepared by 
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this method will be referred to as Hem_PR followed by a number indicating the 
annealing temperature, that is, Hem_PR400, Hem_PR500 or Hem_PR600. 
3.2.2.2 Sol-gel – Method 1 
Citric acid (0.17 mol) was dissolved in deionized water (800 cm
3
); Fe(NO3)3.9H2O 
(0.03 mol) was also dissolved in deionized water (200 cm
3
).  The ferric nitrate solution 
was added dropwise to the citric acid solution while vigorously stirring to obtain a clear 
solution.  The solution was then heated at about 90 °C on a hot plate with continuous 
stirring until a gel formed.  The gel was dried in the oven at 100 °C for 24 hours.  The 
dry gel was then annealed in a furnace at 400 °C for 2 hours and then crushed to obtain 
the powder.  Two other separate portions were also calcined at 500 and 600 °C for 2 
hours each.  Hematite prepared by this method will be referred to as Hem_SG followed 
by a number indicating the annealing temperature, that is, Hem_SG400, Hem_SG500 or 
Hem_SG600. 
3.2.2.3 Sol-gel – Method 2 
Tween 20 (200 cm
3
) was made up to 800 cm
3
 with deionized water; Fe(NO3)3.9H2O 
(0.03 mol) was also dissolved in deionized water (200 cm
3
) and subsequently added 
dropwise to the Tween 20 solution while vigorously stirring.  The clear yellow solution 
was then heated (with stirring) at 90 °C on a hot plate to form a black gel.  The gel was 
dried in an oven at 100 °C for 24 hours and subsequently annealed in a furnace at 400 
°C for 2 hours and then crushed to obtain the powder.  Two other separate portions were 
also annealed at 500 and 600 °C for 2 hours each.  Hematite prepared by this method 
will be referred to as Hem_TW followed by a number indicating the annealing 




High and low magnification images of the samples were collected with a JEOL-JEM 
2100 LAB6 high resolution transmission electron microscope (HRTEM), with a 
lanthanum hexaborite emission source and operated at an acceleration voltage of 200 V, 
and a transmission electron microscope (JEOL JEM-1010, Tokyo Japan) respectively.  
Each sample was dispersed in ethanol in a small centrifuge tube and sonicated before 
being dispersed on a carbon grid and the images collected.  The crystal structures of the 
synthesized products were determined by powder X-ray diffraction (PXRD) on a Bruker 
D8 Advance instrument with a Cu Kα radiation source (λ = 1.5406 Å).  Diffractograms 
were recorded between a 2θ range of 15 and 90° and the results were analyzed with the 
DIFFRACT
plus
 basic evaluation package (2007).  The Scherrer equation, G = Kλ/βcosθ 
(where K is the Scherrer constant of 0.89, λ is the wavelength of radiation and β is the 
full width at half maximum intensity), was used to calculate the grain size, G, of the 
particles.  The attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 
spectra of samples annealed at 400 °C were collected with a PerkinElmer Spectrum 100 
instrument.  Surface area analysis was performed on a Micromeritics Tristar II 3020 
fully automated three-station surface area and porosity analyzer by using nitrogen at 77 
K.  The magnetic properties were determined with a LakeShore 735 vibrating sample 
magnetometer (VSM) which had been calibrated with a standard Ni sphere of saturation 
magnetization 54.7 emu g
-1
.  The magnetization curve was obtain at a maximum 
magnetic field of 14 kOe at room temperature.  The zero-field 
57
Fe Mӧssbauer spectra 
were obtained in transmission mode by a conventional spectrometer using a 25 mCi 
57
Co source sealed in a rhodium matrix and vibrated at constant acceleration.  The 
spectrometer was calibrated with a natural α-iron foil and all measurements were made 
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at room temperature.  The spectra were then fitted with the aid of Recoil Mӧssbauer 
analysis software.  Photocatalytic properties of the powders were screened in visible 
light by using a simple setup consisting of a 26 W fluorescent lamp (Osram Dulux D, 26 
W, 1800 lm) held in a quartz glass jacket at about 7 cm above the rhodamine B (RhB) 
solution (100 cm
3
 in volume with an initial absorbance of approximately 0.8) containing 
0.1 g of synthesized powder at room temperature, which was being stirred continuously 
by a magnetic stirrer.  The mixture was allowed to equilibrate for 30 minutes in the dark 
before the light was turned on.  Samples were taken from the solution at regular 
intervals, centrifuged and filtered through a 0.45 μm syringe filter.  Absorbance 
measurements of these samples were recorded with a Biochrome Libra S6 UV 
spectrophotometer at a λmax of 556 nm to monitor the degradation process. 
 
3.3 Results and discussion 
In this work hematite was synthesized by using three different routes, namely: the 
goethite route in CTAB, the sol-gel route in citric acid, and the sol-gel route in Tween 
20.  The expectation was that the medium (i.e. citric acid or the CTAB and Tween 20 
surfactants with their long hydrocarbon chains) would help in limiting the growth of the 
crystals and thereby effect a size control process on the crystals.  It was also envisaged 
that some carbon atoms would be embedded into the core of the materials, which would 
then result in pores once the carbon was burnt off.  In this manner it was hoped to 
produce highly porous nanoparticles of hematite that would possess a large surface area 




3.3.1 Phase purity and crystallinity 
The powders all formed with a reddish brown colour.  Hem_PR400 and Hem_SG400 
appeared to be lighter in colour while Hem_TW400 was darker and finer.  The X-ray 
diffractograms for the three samples annealed at 400 °C are shown in Fig. 1.  The XRD 
patterns are similar and all display peaks typical for hematite which are in agreement 
with reported α-Fe2O3 peak positions (JCPDS No. 33-0664) [22].  Smaller peaks which 
occur at 2θ values between 29.330 and 33.159° are due to impurities and can be seen in 
the diffractograms of Hem_PR400 and Hem_TW400.  Likely impurities that could be 
generated alongside α-Fe2O3 are Fe3O4, γ-Fe2O3 and oxyhydrites (i.e. α-, γ-, or 
amorphous FeOOH) [23-25].  The peak at a 2θ value of 29.32° corresponds to the 
position of the (220) peak for Fe3O4 and γ-Fe2O3 which are both spinels.  Also the (110) 
α-Fe2O3 peak intensities for both Hem_PR400 and Hem_TW400 are abnormally high 
relative to their corresponding (104) planes.  This could be attributed to the fact that the 
(110) α-Fe2O3 peak position corresponds to the spinel (311) peak for Fe3O4 and γ-Fe2O3 
[26, 27].  This larger than expected intensity may be due to contributions from both 
sources thus confirming the presence of either α-Fe2O3 or γ-Fe2O3 phases in both 
samples [23].  The Hem_SG400 sample, however, shows normal α-Fe2O3 peak ratios.  
The peak intensities are generally low; this indicates poor crystallization for all powders 
annealed at 400 °C.  XRD peaks for powders annealed at higher temperatures (500 and 
600 °C), however, show a significant increase in peak intensity and adjustment of the 
peaks to normal α-Fe2O3 peak ratios (see Fig. 2).  Thus, the crystallinity improves with 
an increase in annealing temperature.  The spinel (220) peak (d = 29.00 ±1 nm), 
however, is still slightly visible for Hem_TW500 and even with increased intensity for 
Hem_PR500, but eventually disappears for Hem_TW600 and Hem_PR600 (Fig. 2).  
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This is an indication that the spinel impurity responsible for this peak is γ-Fe2O3, and 
not Fe3O4, since γ-Fe2O3 is known to convert to α-Fe2O3 at temperatures greater than 
400 °C. 
The values of the grain sizes for each of the powders synthesized were calculated from 
the Scherrer equation and are listed in Table 1.  As can be seen the medium did effect 
size control of the particles as expected and the particle widths of all samples fall within 
the range of 26 to 33 nm. 
 
 
Figure 3.1.  Powder X-ray diffractograms for hematite samples (Hem_TW400, 
Hem_SG400 and Hem_PR400) annealed at 400 °C.  The * indicates the position of 






Figure 3.2.  Powder X-ray diffractograms for hematite samples prepared by the co-
precipitation route and annealed at three different temperatures, i.e. 400, 500 and 600 °C 
(Hem_PR400, Hem_PR500 and Hem_PR600).  A more intense γ-Fe2O3 peak is 
observed for Hem_PR500 (indicated by *) which disappears completely in 
Hem_PR600. 
 
3.3.2 Structural Characteristics 
The expected IR absorption bands for hematite occur at around 540, 470 and 325 cm
-1
 
and depending on the physical properties (i.e. size and morphology) of the crystals, the 
infrared bands can either move to higher or lower wavelengths [22, 28-30]. 
The ATR-FTIR spectra of samples annealed at 400 °C were collected with a 
PerkinElmer Spectrum 100 instrument which is capable of collecting signals between 
380 and 4000 cm
-1
.  Consequently, the band expected at 325 cm
-1
 is not observed here.  
Two major peaks, which occur in the region between 389 and 600 cm
-1
, are common to 
all three samples as can be seen in Fig. 3.  In addition, the spectra for Hem_TW400 and 
Hem_PR400 also exhibit peaks between 640 and 1060 cm
-1
.  These are the regions of 
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interest for iron oxides/hydroxides; higher wavenumbers are mostly due to -OH 
stretching which could be as a result of adsorbed water molecules [29]. 
The two absorption bands that appear at approximately 520 and 430 cm
-1
 can be 
assigned to the hematite Fe-O stretching and O-Fe-O bending modes.  The similar 
additional absorption bands observed between 640 and 1060 cm
-1
 in the spectra for 
Hem_PR400 and Hem_TW400 may well be due to the observation that both may 
contain small amounts of γ-Fe2O3 impurity.  Namduri and Nasrazadani [29] observed 
the occurrence of γ-Fe2O3 Fe-O absorption bands between 630-660 cm
-1
.  Thus, the 
absorption peak observed at 641.94 cm
-1
 for Hem_PR400 may be as a result of the Fe-O 
stretching absorption for γ-Fe2O3.  However, this might be misleading since it could 
also be attributed to an out-of-plane bending mode for –OH [31]. 
 




The low magnification TEM images for powders annealed at 400 °C are presented in 
Fig. 4.  The micrographs show nanorod clusters for the Hem_PR400 powder (Fig. 4a).  
These nanorods have average diameters of about 30 ± 6 nm and lengths of about 250 ± 
50 nm.  Fig. 4b is a HRTEM image for Hem_PR400 that shows its d spacing.  
Hem_SG400 and Hem_TW400, however, consist of nanoparticles of varying sizes 
ranging from below 10 nm to about 30 nm.  The crystals for Hem_SG400 are more 
irregular in shape while those of Hem_TW400 showed a more regular spherical pattern.  
Average grain sizes calculated for both samples from the powder-XRD peaks by means 
of the Scherrer equation give mean values of 33 ± 11 nm for Hem_SG400 and 27 ± 9 
nm for Hem_TW400.  The TEM images, however, show a much smaller grain size 
especially for Hem_TW400.  This could be an indication of a wide range in the 
distribution of grain sizes.  This shows that Tween 20 was able to control the growth of 
the particles so that grain sizes well below 10 nm were obtained.  This is a noteworthy 
result since solution-based syntheses of hematite typically produce much larger particle 
sizes.  The inset in Fig. 4c shows the porous nature of the larger grains of Hem_SG400.  
Note the coalescence of tiny grains to form bigger grains in Hem_TW500 (Fig. 4g).  
The HRTEM images show the lattice fringes of the crystals.  Improvement in 
crystallinity can be seen for powders annealed at higher temperatures in agreement with 




Figure 3.4.  TEM and HRTEM images indicating pores, lattice fringes and growth 
direction for powders. (a and b) Hem_PR400, (c and d) Hem_SG400, (e) Hem_SG500, 
(f) Hem_TW400 and (g and h) Hem_TW500. 
 
 
Figure 3.5: Adsorption-desorption isotherms in nitrogen at 77 K for Hem_PR400, 
Hem_SG400 and Hem_TW400. 
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3.3.4 Surface area and porosity 
The surface areas and porosities of the hematite samples were determined from nitrogen 
adsorption/desorption isotherms at liquid nitrogen temperature (77 K).  The specific 
surface area was calculated with the BET model and the pore size distribution by the 
BJH method.  The N2 adsorption/desorption isotherms at 77 K (Fig. 5) for these 
materials conform to the type II isotherm as classified by IUPAC [32].  The specific 





respectively (Table 1).  The surface area was highest for the particles 
synthesized in Tween 20.  Again, this value is higher than those reported in most cases 
for sol-gel and some other solution-based synthetic routes and also for commercial α-
Fe2O3 [33].  The hysteresis loops seen in the isotherms indicate that all samples contain 
porous particles with pore sizes ranging from meso- to macroporous.  The BJH average 
pore size for Hem_PR400, Hem_SG400 and Hem_TW400 were 88.62, 20.71 and 38.92 
nm respectively.  The average pore sizes for the three hematite samples are shown in 
Table 1.  The pore sizes are distributed between meso-pores (between 2 – 50 nm pore 
diameter) and macro-pores (pore diameter above 50 nm).  These pore sizes are quite 
unusual for these samples, considering the mean grain sizes calculated for each sample 
by using the Scherrer equation.  The implication is that some of the pores are actually 
bigger than the grains on which they are supposed to be found.  These pore sizes, 
therefore, are due to spaces created between tiny particles within large clusters of 






Table 3.1 Grain size, surface area and pore sizes for powders calcined at 400 °C. 






Average pore size/nm 
Hem_PR400 26.34 16.82 88.62 
Hem_SG400 32.86 20.27 20.71 
Hem_TW400 27.39 37.15 38.92 
 
3.3.5 Magnetic properties 
Figure 3.6 shows the room temperature magnetization curves for all the samples 
annealed at 400 °C measured with a vibrating sample magnetometer in an applied field 
of 14 kOe.  The magnetization curves for Hem_PR400 and Hem_TW400 show higher 
magnetization than is normally reported for pure hematite (normally below 1 emu g
-1
) 
[34-36], which is normally due to the spin canting in α-Fe2O3 above its Morin 
temperature (TM), creating weak ferromagnetism (WF) in the sublattice [37, 38].  Table 
2 shows some magnetic parameters of the samples.  The saturation magnetization MS 
values range between 1.53 to 19.99 emu g
-1
.  Hem_TW400 shows superparamagnetic 
properties with a very low coercivity value HC of 10 Oe.  HC values also increase as the 
crystal size G increases (see Table 2).  The high MS value for Hem_TW400 is a 
confirmation of the PXRD results which show the presence of small amounts of γ-Fe2O3 
in the sample; small amounts of γ-Fe2O3 in α-Fe2O3 powder can drastically increase the 
MS values [39, 40].  However, Hem_PR400 shows an MS value which is higher than that 
reported for hematite but not as high as for Hem_TW400.  This can be attributed to the 
shape and/or the large size of its particles which are nanorods with dimensions as stated 
earlier (i.e. diameters of 30 ± 6 nm and lengths of 250 ± 50 nm).  The magnetization 
curves for Hem_TW500 and Hem_TW600 are presented in Fig. 7.  The magnetization 
curves are observed to reduce with increasing annealing temperature indicating that γ-








Table 3.2.  Magnetic properties for hematite samples annealed at 400, 500 and 600 °C 
measured at room temperature. 








Hem-PR400 26.34 125.55 4.73 0.44 0.094 
Hem_PR500 32.69 329.12 1.57 0.17 0.059 
Hem_PR600 38.39 242.25 2.78 0.07 0.040 
Hem-SG400 32.86 38.35 2.91 0.18 0.062 
Hem_SG500 33.86 363.50 2.63 0.30 0.114 
Hem_SG600 36.24 518.61 1.531 0.12 0.078 
Hem-TW400 27.39 10.03 19.99 0.47 0.014 
Hem_TW500 30.31 20.06 6.84 0.26 0.023 





Figure 3.7.  Hysteresis loops for Hem_TW400, 500 and 600 showing the reduction in 
magnetization with increase in annealing temperature. 
 
Figure 3.8(a) shows the relationship between annealing temperature and grain size.  As 
expected, grain sizes increased with increase in annealing temperature. MR/MS (refered 
to as the squareness of the hysteresis loop) and coercivity values (HC) could be useful in 
describing the magnetic hardness/softness of magnetic materials; an increase in the 
values of these parameters would imply a tendency towards hardness and higher 
ferromagnetic properties [34]. Coercivity values for Hem_SG and Hem_TW powders 
increase with increase in grain size and with calcination temperature indicating an 
increase in hardness and ferromagnetic character. However, the MR/MS values are 
irregular and show different trends for different sets of samples (Fig. 8b). The trends in 
the MR/MS and coercivity values for Hem_PR powders could be due to the morphology 
and the large sizes of its particles, which are above the critical particle sizes reported for 




Figure 3.8.  Plots of (a) grain size versus annealing temperature, and (b) MR/MS versus 
grain size. 
 
3.3.6 Mössbauer spectroscopy analysis 
Figure 3.9 shows selected fitted Mössbauer spectra for hematite samples annealed at 
400, 500 and 600 °C.  The results of the spectral fittings are shown in Table 3.3.  The 
Mössbauer parameters obtained for samples annealed at 400 °C indicate that the 
samples, with the exception of Hem_SG400, do not contain pure hematite but rather 
they contain a mixture of hematite and some other iron oxide impurity.  This impurity, 
as observed from the PXRD results, may either be Fe3O4 or γ-Fe2O3 and, perhaps, a 
small amount of ferrihydrites.  The distribution of cations in spinel Fe3O4 and γ-Fe2O3 










]O3 respectively, where 
□ represents a vacant octahedral (B-) site.  This implies that Fe3O4 and γ-Fe2O3 have 
two crystallographic sites designated A and B; the ions outside the parentheses are on 
the A- or tetrahedral site while those within the parentheses are on the B- or octahedral 
site.  This implies that Mössbauer spectra for pure Fe3O4 can be fitted with two sextet 
subspectra with the octahedral site having twice the area of the tetrahedral site and thus 
its presence is easy to detect if it occurs as an impurity in α-Fe2O3.  On the other hand, 
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γ-Fe2O3 is difficult to detect in a mixture with α-Fe2O3 because both sites are equivalent 
and therefore are not distinguishable from α-Fe2O3.  Although some reports have shown 
that the isomer shift (δ) and magnetic hyperfine field (Bhf) for γ-Fe2O3 are lower than 
those for α-Fe2O3, the line between the two is very blurred and complementary PXRD 
data is required [24, 42-44]. 
 
 
Figure 3.9.  Mössbauer spectra for hematite samples annealed at different temperatures, 




Table 3.3.  The Mössbauer hyperfine parameters for the hematite samples prepared by 
different synthetic methods and annealed at 400, 500 and 600 °C. *H – hematite, MH – 
maghemite, δ – isomer shift, ΔEQ – quadrupole shift, Bhf – hyperfine magnetic field and f 
– fraction population of Fe
3+
 ions at H and MH sites. 
 










0.36 0.64 _ 0.77 
H 0.40 -0.066 522.52 22.75 
H 0.36 -0.105 512.02 48.42 
MH 0.42 -0.169 505.59 28.06 
HemSG400 H 0.35 -0.095 503.90 48.00 
H 0.35 -0.045 511.60 18.00 
H 0.36 -0.146 511.76 34.00 
HemTW400 H 0.36 -0.108 513.28 23.00 
H 0.37 -0.113 505.50 32.20 
MH 0.34 0.029 448.30 44.80 
 
(b) Samples annealed at 500 °C. 
HemPR500 MH 0.32 -0.081 508.23 41.00 
H 0.42 -0.162 504.89 59.00 
HemSG500 H 0.36 -0.106 507.00 67.00 
H 0.36 -0.108 514.20 33.00 
HemTW500 MH 0.35 -0.002 454.60 17.10 
H 0.36 -0.11 503.52 60.00 
H 0.36 -0.10 511.87 23.00 
 
(c) Samples annealed at 600 °C.  
HemPR600 H 0.36 -0.10 523.35 45.00 
H 0.37 -0.12 515.53 55.00 
HemSG600 H 0.37 -0.11 524.71 52.30 
H 0.37 -0.10 511.31 47.70 
HemTW600 H 0.36 -0.21 514.16 52.00 
H 0.37 0.001 515.40 48.00 
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The Mössbauer spectrum for Hem_PR400 (Figure 3.9) has been fitted with 4 
subspectra, namely, 3 sextets and 1 doublet (Table 3.3a).  The Bhf values for the three 
sextets fall within the range of Bhf values for α-Fe2O3 and γ-Fe2O3 (450 to a little above 





.  These higher δ values are as a result of defects in the crystal lattice of 
the crystallites which can be seen from Table 3.3 to fall back to values within the 
normal range with increased crystallinity (i.e. for the samples annealed at higher 
temperature) [45, 46].  The same applies to other subspectra with δ values of 0.4 mms
-1
 
and above.  This explains the general increase in the intensity of the peaks as we go 
from lower to higher annealing temperatures for all the samples, which also results in 
higher Bhf values.  This is in agreement with the PXRD results from which it was 
possible to show that the powders not only contained impurities but that the crystals are 
defective with crystallinity increasing for powders annealed at higher temperatures.  The 
presence of Fe3O4 was excluded in Hem_PR400 because the Bhf values displayed by all 
subspectra are much higher than the Bhf value for Fe3O4.  Moreover, the colour of the 
sample, which is reddish, does seem to suggest the absence of Fe3O4 which is black in 
colour.  The quadrupole doublet in the spectrum indicates a paramagnetic contribution 
(0.77% paramagnetic properties) which might be due to the presence of a very small 
amount of surface ferrihydrite in the sample [25].  The Mössbauer parameters (δ and 
ΔEQ with values of 0.356 and 0.64 mm s
-1
 respectively) indicate that the doublet could 
be as a result of an Fe
3+
 located on the surface of the iron oxide core [47]. 
Samples with two or more hematite subspectra are as a result of variation in the grain 
sizes of the nanoparticles with larger particles having a larger Bhf value [48, 49].  This is 
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expected and it agrees with the results obtained from TEM which shows that the 
powders contain various size ranges of nanoparticles. 
The results obtained in this work show that both Hem_PR400 and Hem_TW400 contain 
a mixture of poorly crystalline α- and γ-Fe2O3 with the well crystalline α-Fe2O3 phase 
favored at higher annealing temperatures.  The implication of this is that both α- and γ-
oxyhydroxides (FeOOH) may have been produced at the point of nucleation in the co-
precipitation method, which then begins to convert to the corresponding Fe2O3 when it 
is annealed at 400 °C and ultimately changes into pure α-Fe2O3 which is the most stable 
iron oxide polymorph according to the following reactions. 
OHFeOOHγ)(α3OHFe 2
3 _        (3.1) 
32
C)400heat(




Another scenario would be the formation of γ-FeOOH alone at the point of nucleation 
which then converts to the corresponding γ-Fe2O3 at temperatures above 300 
o
C.  γ-
Fe2O3 is known to begin to convert to α-Fe2O3 at about 400 °C.  However, the sol-gel 
methods, would most likely have started from γ-Fe2O3, as has been reported, and slowly 
convert to α-Fe2O3 at higher annealing temperatures [50].  The PXRD, VSM and 
Mössbauer spectroscopy results are all in agreement in this regard. 
3.3.7 Photocatalytic activities 
The photocatalytic activity of the hematite samples was investigated by monitoring the 
photodegradation of the dye, rhodamine B, under visible light illumination.  Figure 3.10 
shows the photodegradation curves obtained.  From -30 to 0 min represents the 
adsorption-desorption equilibrium before the samples were illuminated.  All powders 
were able to adsorb between 10-20% of the dye molecules thereby lowering the 
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absorbance considerably from the initial value.  Photodegradation began at 0 minutes 
and as can be seen from the plots only Hem_TW400 was able to appreciably degrade 
RhB dye both without and in the presence of H2O2.  Powders annealed at higher 
temperatures, however, only mostly adsorbed the dye molecules and tended to desorb 
the dye rather than photodegrade it once the illumination began.  The reduced 
photocatalytic rate (Figure 3.11) could either be as a result of the increase in the particle 
grain size at higher annealing temperatures (Table 3.1), which might not favour a slower 
electron-hole recombination (this trend can also be noticed in samples calcined at 400 
°C as the least active in this series is Hem_PR400 which has the largest average particle 
size as determined from the Scherrer equation) or as a result of the conversion of the γ-
Fe2O3 nanoparticles present in the powder to α-Fe2O3 as observed in the data obtained 
in sample characterization, or a combination of both reasons.  The implication of the 
second suggestion would be that the α-Fe2O3 and γ-Fe2O3 composite has a better 






Figure 3.10.  Photocatalytic activities of hematite powders annealed at different 
temperatures tested on the photodegradation of the dye, rhodamine B. (a), (b) and (c) 
are plots for 400, 500 and 600 °C respectively. TW, SG and PR represent Hem_TW, 
Hem_SG and Hem_PR respectively. 
 
 
Figure 3.11.  Linear plots of the pseudo-first-order photodegradation reaction. (a) is 
linear plots for Hem_TW powders with and without H2O2, (b) is linear plots for all 




3.3.7.1 Mechanism of photodegradation 
A possible mechanism for the photodegradation of RhB dye is shown in Scheme 1.  As 
shown earlier, Hem_TW400 has particles with the smallest grain sizes (often below 10 
nm).  This is good for reducing the speed of the (e
-
, h) recombination [51-53].  
Consequently, there would be enough time for h
+
 to interact with H2O in the presence of 
light [54] to generate 
•
OH (eqn. 4) and for e
-
 to interact with dissolved oxygen to 
generate a superoxide ion (eqn. 5).  For the Hem_TW400-H2O2 system, however, more 
•
OH can be generated according to equation 8 at the beginning of the reaction.  These 
radicals then react with the dye and the photocatalytic degradation proceeds faster [55, 
56]. 






 pair and free radicals required 
for the photodegradation of RhB dye by active samples is illustrated in scheme 3.1. 
Fe(III) +  ℎ𝜈 → Fe(II) + e− + h+       (3.3) 
H2O + h
+ → H+ + ˙OH        (3.4) 
O2 + e
− → ˙O2
−         (3.5) 
˙O2
− +H+ → HOO•         (3.6) 
2HOO˙ → H2O2          (3.7) 
H2O2 + e
− → OH− + ˙OH         (3.8) 
Rhb + ˙OH → degraded product       (3.9) 






Physical and magnetic properties of α-Fe2O3 nanoparticles depend on the method as 
well as the medium in which the nanoparticles are synthesized.  The synthetic routes 
studied in this work produced a mixture of γ- and α-Fe2O3 nanoparticles at an annealing 
temperature of 400 °C.  Formation of pure crystalline α-Fe2O3 was favoured with 
increasing annealing temperature (500 and 600 °C).  This was also accompanied by an 
increase in particle size.  The PXRD, VSM and Mössbauer results are all concordant on 
the composition of the samples at each annealing temperature.  α-Fe2O3 nanoparticles 
synthesized in Tween 20 have the smallest particle size and highest BET surface area, 
saturation magnetization and photocatalytic activity.  This implies that the synthetic 
medium (Tween 20, a polysorbate surfactant), can be a very good additive to the 
precursor solution in a Pechini type sol-gel synthesis of α-Fe2O3 in order to effectively 
impact on the properties of the synthesized powders. 
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Novel nanomaterials, with the formula Nd0.5(Bi0.2X0.2Mn0.1)FeO3-δ (where X = Ca, Sr 
and Ba), were synthesized by using a modified citric acid sol-gel approach and were 
fully characterised using instrumental methods of analysis.  Scanning electron 
microscopy, high resolution transmission electron microscopy and powder X-ray 
diffraction analysis of the powders showed that the prepared materials contain highly 
crystalline perovskite-type nanoparticles.  The lattice parameters, after refinements 
showed that the particles have either an orthorhombic or rhombohedral structure.  




 with the 
Ba-substituted powders having the highest surface area.  The hysteresis loop obtained 
by vibrating sample magnetometer analysis of the samples provided an insight into the 
interesting magnetic properties of the materials.  Mӧssbauer spectroscopy analysis 
showed that the magnetic properties of the materials were due to canted 
antiferromagnetism related to the size of the alkaline earth metal substituent.  The 
magnetic hyperfine fields of the sub-spectra were also analysed.  The samples were 
screened for photocatalytic activity in the visible region of the solar spectrum against 
the depletion of the organic dye, Rhodamine B.  The samples exhibited good 
photocataltic activity over a wide pH range of 3 to 8, and the Ca and Sr substituted 
materials were found to be the better photocatalyts. 





Perovskites are known to exhibit a wide variety of interesting properties due to their 
structural flexibility and the fact that they can accommodate most of the elements in the 
periodic table to give rise to a large variety of polar solid solutions with fascinating 




O3 (A = rare earth 
and B = transition metal) perovskites imparts intriguing ferromagnetic, ferroelectric, 
magnetoresistant, optical, catalytic, as well as photocatalytic properties, which find use 
in a number of emerging fields drawing considerable attention towards the study of the 
properties of this family of compounds [2-6].  Perovskites are also known to stabilize 




 sites with a transition 
metal M
2+
 can introduce new electronic arrangements, oxygen vacancies, and variation 
in bond lengths and valence of cationic species into the lattice.  As a result, materials 





 = Ca, Sr, Ba) has been shown to drastically change the properties of perovskites by 
either introducing defects into the material lattice or by creating a deficiency in the 
oxygen content.  Alteration of bond lengths due to size and charge of these ions is 
possible [10-12]. In this work, we substituted some of the Nd
3+











)0.1. As stated 
earlier Ca, Sr and Ba have been shown to introduce defects in such structures [13].  Mn, 
on the other hand, can act as a Jahn-Teller ion, especially in the +3 state [14].  In this 
communication we report the synthesis and characterization of the new materials by 





Nd2O3 (99.8%), citric acid (99.7%) (BDH Chemicals), Fe(NO3)3.9H2O (98%), 
Bi(NO3)3.5H2O (97%), Sr(NO3)2 (99%), Ba(NO3)2.5H2O (99%), Ca(NO3)2 (99%) 
Mn(CH3OO)2 (99 %) K2Cr2O7 (99%), Ag2SO4 (99%) (Saarchem), concentrated HNO3 
(55%), ethylene glycol (99%) (Promark Reagents), concentrated H2SO4 (98%), HgSO4, 
ferrous ammonium sulfate (Merck), rhodamine B (The Coleman and Bell Co., U.S.A.) 
and H2O2 30% vol. (100 vol) (Minema Chemicals) were used as received.  Deionised 
water from a Millipore Milli-Q Elix 5 UV system was used throughout and is hereafter 
referred to as Milli-Q water. 
4.2.2 Synthesis of (Nd0.5Bi0.2X0.2Mn0.1)FeO(3-δ)  
(Nd0.5Bi0.2X0.2Mn0.1)FeO(3-δ) (X = Ca, Ba and Sr) powders were prepared by a modified 
sol-gel process. Fe(NO3)3.9H2O (0.03 mol) and Mn(CH3OO)2 (0.003 mol) were 
dissolved in Milli-Q water (about 20 cm
3
) in a beaker (A). Nd2O3 (0.0075 mol) and 
Bi(NO3)3.5H2O (0.006 mol) were dissolved in dilute nitric acid (about 15 cm
3
, 6 mol 
dm
-3
) and added to the solution in beaker (A) with continuous stirring. Then, 0.006 mol 
Ca(NO3)2 was dissolved in about 10 cm
3
 of Milli-Q water and also added to beaker (A) 
to give the amount of metals required to form the perovskites. The solution was mixed 
thoroughly, made up to 200 cm
3
 with Milli-Q water and then gradually poured into a 
burette. The solution was then added (drop-wise) to a citric acid solution (400 cm
3
, 0.15 
mol) in a separate beaker (B) which was continuously being stirred by a magnetic stirrer 
at room temperature. The solution was clear without any precipitate. Once the addition 
was completed and with the solution still being stirred, the temperature of the mixture 
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was raised to 90 
o
C and the water evaporated until the volume of the solution reduced to 
about 50 cm
3
, ethylene glycol (100 cm
3
) was added and the heating and stirring 
continued until a thick gel formed in beaker (B). The gel was removed from the beaker 
and placed in a crucible in an oven at 120 
o
C for 24 h to dry.  The dry gel was 
subsequently pre-calcined at 400 
o
C for 4 hrs to remove all organic components. 
Separate portions of the precalcined powder were then annealed separately, one at 750 
o
C and the other at 900 
o
C, in a muffle furnace for 4 h each. The same procedure was 
repeated with Sr(NO3)2 and Ba(NO3)2.5H2O. 
4.2.3  Characterisation 
Scanning electron microscopy (SEM) data were collected with a ZEISS Ultra plus field 
emission gun scanning electron microscope.  A JEOL-JEM 2100 LAB6 high resolution 
transmission electron microscope (HRTEM) with a lanthanum hexaborite emission 
source and operated at an acceleration voltage of 200 V was used to observe the lattice 
fringes and examine the crystallinity of the crystals.  Transmission electron microscopy 
(TEM) (JEOL JEM-1010) was used to analyse the morphology of the crystals. For the 
TEM and HRTEM analyses, each sample was dispersed in ethanol in a small centrifuge 
tube and sonicated before being dispersed on a carbon grid and the images collected. 
The crystal structure and crystallite size where determined by powder X-ray diffraction 
(PXRD) analysis with a Bruker D8 advance instrument with a Cu Kα radiation source (λ 
= 1.5406 Å).  The diffractograms were fitted and analysed by using the DIFFRACT
plus
 
basic evaluation package (2007). Equation 4.1 (Scherrer eauation) was used to 




          (4.1) 
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where K is the Scherrer constant with a value of 0.9, λ is the wavelength of radiation 
and β is the full width at half maximum of the most prominent peak. 
Surface areas were determined by nitrogen adsorption at 77 K and the BET equation 
method with a Micromeritrics Tristar II 3020 fully automated three-station surface area 
and porosity analyzer.  The attenuated total reflectance-Fourier transform infrared 
(ATR-FTIR) spectra of the samples were collected with a PerkinElmer FTIR Spectrum 
100 ATR instrument. 
The magnetic properties were determined with a LakeShore model 735 vibrating sample 
magnetometer (VSM) which had been calibrated with a standard Ni sphere of saturation 
magnetization 54.7 emu g
-1
. The maximum applied magnetic field was 14 kOe and 
analyses were performed at room temperature.  The distribution of the Fe species and 
the source of the magnetism were determined by means of Mӧssbauer spectroscopy 
measurements on samples annealed at 900 °C.  The room temperature 
57
Fe Mӧssbauer 
spectra were obtained in transmission mode with a conventional spectrometer using a 25 
mCi 
57
Co source sealed in a rhodium matrix and vibrated at constant acceleration.  The 
spectrometer was calibrated by a natural α-iron foil.  Photoluminescence (PL) spectra 
were obtained for all the samples with a PerkinElmer LS 55 spectrofluorimeter 
equipped with a high energy pulsed xenon source for excitation.  Samples were excited 
at energies between 375 to 410 nm and the emission was monitored from 430 nm to 700 
nm. 
4.2.4 Photocatalytic activity 
The photocatalytic activity of each sample was tested on Rhodamine B (RhB) dye in the 
presence of H2O2 at room temperature. Irradiation was performed with a 26 W 
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fluorescent lamp (Osram Dulux D, 26 W, 1800 lm) placed in a quartz jacket and held at 
about 7 cm above the RhB dye solution (which was continuously stirred with a 
magnetic stirrer) containing various amounts of synthesized materials and H2O2.  A 
period of 30 min was allowed for equilibration in the dark before the lamp was turned 
on.  Aliquots of the dye solution were withdrawn at regular intervals of 20 min, 
centrifuged and filtered through a 0.45 μm syringe filter (Millipore).  The 
photodegradation was monitored by measuring the absorbance of the samples with a 
Biochrom Libra S6 UV spectrophotometer at the wavelength of maximum absorption 
(λmax) for RhB of 556 nm.  The effect of initial dye concentration, amount of 
photocatalytic material used and solution pH were investigated. Chemical oxygen 
demand (COD) measurements were also done on the dye solution after 180 min of 
photodegradation for each powder by using the standard procedure described in the 
literature [15]. 
4.3 Results and discussion 
The sol-gel synthesis method was used to obtain dry brown powders of 
(Nd0.5Bi0.2Ba0.2Mn0.1)FeO(3-δ) (NdBa400), (Nd0.5Bi0.2Sr0.2Mn0.1)FeO(3-δ) (NdSr400) and 
(Nd0.5Bi0.2Ca0.2Mn0.1)FeO(3-δ) (NdCa400) after the calcinations at 400 °C to burn off the 
organic carbon content of the powders.  Powders annealed at 750 and 900 °C are 
indicated by replacing 400 in the naming system above with the temperature at which 
the powder was annealed (e.g. NdBa750 and NdBa900 for NdBa powders annealed at 
750 and 900 °C respectively).  The NdBa750, NdBa900, NdSr750 and NdSr900 
powders were fine and black in colour while that of NdCa750 and NdCa900 were 







     (4.2) 
where r represents the ionic radius of the subscripted atom (rNd = 0.983 Å, rBi = 0.96 Å, 
rX = (rCa = 1.34 Å, rSr = 1.44 Å or rBa = 1.61 Å), rMn = 0.58 Å, rFe = 0.78 Å, rO = 1.4 Å) 
[16].  The tolerance factor for the Ca, Sr, and Ba substituted materials are tCa = 0.7815, 
tSr = 0.7880 and tBa = 0.7991 respectively.  The values of the tolerance factors predicts 
that the materials will crystallize in distorted orthorhombic lattices. 
4.3.1 Morphology 
SEM images of the three powders are presented in Figure 4.1. Visual inspection of the 
images reveals nanoparticle sizes in the range between 30-50 nm. Figure 4.1b shows the 
agglomeration of the NdBa900 nanoparticles into giant porous wafer-like structures. 
The particles are well crystallized as can be seen from the lattice fringes displayed in the 
HRTEM micrographs (Figure 4.2). The spherical shape of some of the crystals can be 
seen in Figure 4.3, which shows crystals of NdSr900 with an average crystallite size 








Figure 4.2: HRTEM image for NdBa900 which is representative for all the powders. 
 
Figure 4.3: TEM micrograph for NdSr900 showing average crystallite sizes of between 
25-30 nm. 
 
4.3.2 Crystal phase characterisation 
Figure 4.4 shows the PXRD patterns for the three powders.  All the diffractograms show 
the presence of single phase perovskite-like patterns.  The powders were all crystallized 
in an orthorhombic lattice of space group Pnma, which is as a result of a distortion of 
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the cubic arrangement in the lattices.  These are in agreement with the value of the 
tolerance factor t (Table 4.1), calculated from Goldschmidt equation where values 
between 0.7 and 0.9 are expected for samples to crystallize in the orthorhombic lattice.  
The perovskite peaks begin to emerge at a calcination temperature of 400 °C but the 
powders are still largely amorphous or contain mixed oxides.  As the annealing 
temperature is increased, the atoms were re-oriented into the lattice and the perovskite 
patterns were fully formed at an annealing temperature of 750 °C with broad peaks.  
The broadness of the peaks are due to the small sizes of the particles which are within 
the nano range.  For powders annealed at 900 °C, the widths of the peaks were reduced 
due to the corresponding increase in crystallite sizes of the powders.  The clear and 
distinct peaks indicate that the particles are highly crystalline.  The lattice parameters 
obtained by refinement using the DIFFRAC
plus
 software are also shown in Table 4.1.  A 
careful observation of the peaks (Figure 4.4) also shows that there is a general shift of 
the peaks towards a lower 2θ value as we move from the Ca substituted powder through 
to Sr to the Ba substituted sample and this can be attributed to the strain in the lattice, 
which is caused by the increase in atomic size of the substituent atoms [3, 6].  The 
Scherrer equation gives grain sizes of between 18 to 27 nm with a size increase in all 
sample particles at a higher annealing temperature as earlier observed from the PXRD 
peak widths.  The estimated grain sizes obtained also conform with the observations 




Figure 4.4: Powder X-ray diffraction peaks for (a) NdBa 400-900 °C, (b) NdSr 
400-900 °C, (c) NdCa 400-900 °C and (d) for NdCa, NdSr and NdBa all 





Table 4.1: Unit cell dimensions, alkaline-earth (AE) ionic radii and crystallite sizes (D) 
obtained from the Scherrer equation for the synthesized powders. *crystallite sizes 
calculated from Scherrer equation. 







± 1 a/Å b/Å c/Å 
NdBa750 5.5451 7.7550 5.4748 Ortho. Pnma 0.80 1.61 22.58 
NdBa900 5.5457 7.7658 5.4858 Ortho. Pnma 0.80 1.61 26.17 
NdSr750 5.5155 7.7141 5.4440 Ortho. Pnma 0.79 1.44 22.89 
NdSr900 5.5254 7.7331 5.4617 Ortho. Pnma 0.79 1.44 27.08 
NdCa750 5.5099 7.6925 5.4206 Ortho. Pnma 0.78 1.34 18.25 
NdCa900 5.4977 7.6975 5.4238 Ortho. Pnma 0.78 1.34 25.74 
 
4.3.3 Surface characterisation 
The FTIR-ATR spectra obtained for the powders are shown in Figure 4.5.  The peaks at 
around 380 and 550 cm
-1
 are characteristic of the metal-oxygen stretching and oxygen-
Fe-oxygen bending modes confirming the formation of the octahedradral FeO6 of 
perovskites [17-19].  The increase in size of the metal-oxygen peak and a corresponding 
decrease in size of the peak at 1500 cm
-1
 indicates progress in the formation of the MO6 
perovskite lattice and the removal of surface –OH (Figure 4.5a-c). This is also an 
indication of a reduction in the surface area of the materials.  The only other peaks 
observed are those at around 3500 to 3000 cm
-1
 and around 1460 cm
-1
 that arise due to 
the stretching and bending modes of water molecules and other OH
-
 groups adsorbed on 
the surface of the particles.  No carbonyl peaks were observed in any of the spectra.  
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The spectra thus suggest that ABO3 perovskite-like structures had been produced in all 
cases (Figure 4.5d-f). 
 
Figure 4.5: Room temperature ATR-FTIR spectra for NdBa powders annealed at 
different temperatures (a-c) and for NdBa, NdSr and NdCa annealed at 900 °C (d-f). 
4.3.4 Surface areas and pore sizes 
The BET specific surface areas (SSA) for NdCa900, NdSr900, and NdBa900 are 3.32, 




 respectively. Powders annealed at 750 °C have higher SSAs (i.e. 





respectively). The N2 adsorption-desorption isotherms at 77 K for some of these 
materials are shown in Figure 4.6. The isotherms conform to the type II isotherm 
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according to the IUPAC classification [20].  The hysteresis loops in the isotherm 
indicate that all the powders contain some porous particles.  The pore size distribution 
plots for the pores show a unimodal curve for the powders annealed at 750 °C, which is 
spread between meso- and macroporosity.  The modes reduce and tilt towards the 
macroporous range (Figure 4.6 insets) for both NdBa900 and NdSr900 powders and 
disappear in the case of NdCa900 showing a strong dependence of the pore sizes on 
annealing temperature, which also results in a decrease in surface area. 
 
Figure 4.6 Adsorption-desorption isotherms for nitrogen at 77 K for powders annealed 
at 900 °C. 
90 
 
4.3.5 Magnetic properties 
The room temperature magnetization curves for the powders are shown in Figure 4.7.  
The hysteresis loops for the Ba and Sr containing powders show characteristics which 
indicate the presence of both ferromagnetic (FM) and anti-ferromagnetic (AFM) 
arrangements of magnetic moments.  The magnetization curves show a higher saturation 
magnetization for the Sr substituted powder while the Ba substituted powder shows the 
largest coercivity (HC).  Table 4.2 displays data obtained for each hysteresis loop.  The 
shape of the hysteresis loops for the Ba and Sr substituted powders suggests the 
presence of a secondary magnetic phase as earlier stated. Note the ‘constriction’ on both 
sides of the loops, this is as a result of interaction between the soft and hard magnetic 
components of the powders [21].  The large coercivities are as a result of a combination 
of magnetic anisotropy and coupling between the FM and AFM ordering in both 
powders [22].  The hysteresis loops for all the powders calcined at 400 °C show 
properties of soft magnets with very small coercivities and high saturation 
magnetization (Figure 4.7a-c).  However, at higher annealing temperatures, the ions are 
re-oriented into the larger perovskite lattice and the coercivities for the Ba and Sr 
substituted powders become very large with lower saturation magnetization while the 
saturation magnetization collapses almost completely to a paramagnetic (PM) or anti-
ferromagnetic (AFM) behaviour in the Ca substituted sample [23].  An increase in the 
MR/MS value indicates an increase in the hardness of a magnetic material.  The powders 
therefore become harder and more ferromagnetic at higher annealing temperatures due 
to an increase in both the values of the MR/MS and coercivity [24].  The hysteresis loops 
for both the Ba and Sr substituted materials also appear to be symmetric around H = 0 
(zero magnetic field) with no obvious exchange bias (EB) effect.  EB causes the loop to 
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shift along the field axis and its value is given by [HC+(T) + HC-(T)]/2 where (HC+(T) 
and HC-(T) are the absolute values in the positive and negative coercive fields) and is a 
result of the exchange coupling effect between the ferromagnetic (FM) and anti-
ferromagnetic (AFM) components of a given material [25, 26].  In the next section we 
find that the Mӧssbauer spectroscopy of the powders did not reveal any paramagnetic 
contributions implying that the Néel temperature (TN) for the powders might be well 
above room temperature.  TN normally reported for some materials with similar 
compositions is normally very much higher than room temperature.  Temperature 
ranges of between 400 and 700 K have been reported for the TN and FM and AFM 
materials only become paramagnetic above their TN [27-32]. 
 
Figure 4.7: M-H loops for powders annealed at different temperatures. The last three 
digits indicate the annealing temperature. (a) NdBa, (b) NdSr, (c) NdCa, and (d) NdBa, 
NdSr, and NdCa annealed at 900 °C. 
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Table 4.2: Magnetic properties of powders annealed at different temperatures. 
Coercivity - HC, saturation magnetisation - MS, remanant magnetisation - MR, squarness 












NdBa750 22.58 4355.1 4.0 1.6 0.398 
NdSr750 22.89 5239.1 3.2 1.3 0.415 
NdCa750 18.25 174.00 0.7 0.1 0.025 
NdBa900 26.17 5583.0 4.6 1.9 0.432 
NdSr900 27.08 4435.5 5.6 1.9 0.344 
NdCa900 25.74 164.92 1.0 0.1 0.027 
 
4.3.6 Mӧssbauer spectroscopic analysis 
In order to investigate the Fe ion distribution and the source of the magnetism, the room 
temperature Mӧssbauer spectra for the powders annealed at 900 °C were measured and 
fitted by using the Recoil software. The fitted spectra are shown in Figure 4.8.  All 
spectra were fitted with two magnetic hyperfine sub-spectra.  The Mӧssbauer hyperfine 
parameters obtained from a Lorentzian fitting of these spectra are shown in Table 4.3.  
Here we are only interested in the composition and valence of the Fe ions in the lattice 
of the materials.  As stated earlier (section 4.3.5), the Mӧssbauer spectrum for the 
NdCa900 powder represents the anti-ferromagnetic (AFM) ordering of the components 
below the TN [33].  Hyperfine contributions for the two sub-spectra represent the 
presence of different Fe environments.  The sub-spectrum (δ = 0.097 mm s
-1
 Bhf = 479.5 
kOe, f = 26%) is unusual.  The δ value corresponds to an Fe
4+
 but the Bhf is much higher 
than expected for a normal Fe
4+
 field.  This, coupled with its f (low percentage) and ∆EQ 
( = -0.45 which points to some degree of distortion) values, indicates that the 
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contribution could be attributed to a high spin (HS) Fe
4+
 on an oxygen deficient 
component, perhaps a CaFeO3-δ with a high TN value.  Despite the presence of the Fe
4+
, 
magnetic measurements on the sample show it to be antiferromagnetic.  The two 
hyperfine sub-spectra for NdSr900 fit an Fe
3+
 ions contribution with one of the sub-
spectra also showing heavy distortion (∆EQ = 0.436) in its lattice.  These ∆EQ values also 
indicate the presence of distortion in the Fe
3+
 environment for this sub-spectrum.  The 
two NdBa900 contributions have been attributed to HS Fe
3+
 in different electronic 
environments.  The introduction of M
2+










The predominance of Fe
3+
 in NdSr900 and NdBa900, however, points to an oxygen 
vacancy in the crystals [7].  This also implies that the source of the magnetism in both 
materials is the canted antiferromagnetism due to the size difference of the substituent 
[34].  This can also be seen in the difference in MR values of the material (Table 4.1).  
This is further supported by the fact that no paramagnetic features were detected in the 
spectra which indicates that all the components are below their TN at room temperature. 
Components like SrFeO3 with TN = 138 K would be paramagnetic at room temperature, 




Figure 4.8:  Mӧssbauer spectra of powders. Ba0.2 = NdBa900, Ca0.2 = NdCa900 and 
Sr0.2 = NdSr900. 
 
Table 4.3: Parameters obtained from the Lorentzian fitting of the Mössbauer spectra of 
the powders.  Isomer shift is δ/mm s
-1
, electronic splitting is ∆EQ/mm s
-1
, hyperfine field 
is Bhf, linewidth is τ/mm s
-1





 Bhf/kOe τ/mm s
-1
 F Valence 
NdCa900 0.097 -0.451 479.5 0.098 26.0 Fe
4+
 
0.519 0.189 465.0 0.210 74.0 Fe
3+
 
NdSr900 0.245 -0.163 462.0 0.180 69.0 Fe
3+
 
0.591 0.436 444.4 0.270 31.0 Fe
3+
 
NdBa900 0.375 0.175 415.0 0.390 35.9 Fe
3+
 




4.3.7 Photoluminescence measurements 
The photoluminescence (PL) emission spectra for the NdSr samples annealed at 750 and 
900 °C monitored at room temperature are shown in Figure 4.9. PL emission spectra 
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 pair when the electron loses the 
energy it gained for excitation to occur. The samples show a series of emission spectra 
corresponding to a series of excitation wavelengths between 370 and 410 nm. The 
emission peaks (monitored between 570-603 nm) move to lower energies 
correspondingly as the excitation wavelength is moved to a lower excitation energy line 
similar to what has been previously reported [38, 39]. The emission peak intensity 
increases relative to its excitation energy and reaches a maximum at 395 nm excitation 
energy and then begins to drop with subsequent increase in excitation wavelength 
(Figure 4.9). PL has been shown to occur in crystalline perovskites at room temperature 
due to the so-called intrinsic luminescence. This could either arise due to the presence 
of defects in the lattice (interstitial atoms, dislocation or vacancies), or the presence of 
an oxygen vacancy (due to variation in bond length due to ionic size/charge difference), 
or due to the presence multiple trap states created by the interactions of the various 
energy states of the atoms between their valence band (VB) and their conduction band 
(CB). The excitation energies fall within the visible region and so the powders can 
utilize visible light to bring about photocatalytic degradation of organic materials. 
The reduction of the intensity of the emission peaks for NdSr900 indicates that the time 
used for recombination has increased and this is good for photocatalysis [40]. Similar 
PL results were obtained for all the powders. Table 4.4 shows the excitation energies 





Figure 4.9: Photoluminescence spectra for NdSr750 and NdSr900. 
 
Table 4.4: Shift in excitation energies Eex with a corresponding shift in emission 
energies Eem for the powders calcined at 750 and 900 °C. 
Eex/eV 3.31 3.26 3.22 3.18 3.14 3.10 3.06 
Eem/eV 2.18 2.16 2.13 2.11 2.08 2.06 2.03 
 
4.3.8. Photocatalytic screening 
The results of the photocatalytic screening of the synthesized materials annealed at 
different temperatures on rhodamine B (RhB) in the presence of H2O2 is shown in 
Figure 4.10.  The photocatalytic activity of the materials can be seen to increase with 
increase in the annealing temperature.  Samples calcined at 400 and 750 °C basically 
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showed no or little activity for  photocatalysed decolourisation of the dye.  However, the 
powders annealed at 900 °C exhibited enhanced activity for all the sets of powders. 
 
Figure 4.10: Photodegradation of RhB when irradiated with visible light in the presence 




 and 1.5 g dm
-3
 of catalyst).  (a) NdCa400, 750 and 900, (b) 
NdSr400, 750 and 900, (c) NdBa400, 750 and 900, and (d) NdBa900, NdSr900 and 
NdCa900. 
Across the series, however, the activity is observed to decrease as the atomic number of 
the alkaline-earth group metal increases (i.e. with increase in the radius of the alkaline-
earth metal) (Figure 4.10d).  The activity also depends on the amount of photocatalyst 
used in the reaction. Results show an increase in activity with increase in the initial 
amount of catalyst material and reaching an optimum mass of 1.5 g dm
-1
.  The 
photocatalytic degradation of RhB dye on these powders can be described by a pseudo-






= 𝑘𝑜𝑏𝑠𝑡,          (4.3) 
where C0 and C are the initial concentration and concentration of the dye at time t, and 
kobs is the observed rate constant. 
 The reactions all followed pseudo-first-order kinetics as can be seen from the plots of 
log A/A0 versus time (Figure 4.11).  In the absence of a catalyst, the rate of degradation 
of the dye was almost zero even in the presence of H2O2, implying that the photocatalyst 
was essential for the degradation reaction.  A fast reaction was observed with H2O2 in 
presence of NdCa900 (Table 4.5), with a rate constant of 0.013 min
-1
, followed closely 




Figure 4.11: Effect of materials annealed at 900 °C on the photodegradation of RhB 
from which it can be observed that the NdCa900 (1.5g dm
-3










Table 4.5: Rate constants for the photocatalyst (1.5 g dm
-3















4.3.8.1 Effect of amount of photocatalyst 
The effect of the amount of photocatalyst on RhB photodegradation was also studied at 
its natural pH.  The amount of powder loaded was varied between 0.5 g and 2.0 g dm
-3
 
of RhB solution.  Figure 4.12a shows the photodegradation profile of the dye with 
varied amounts of added catalyst. The rate of dye depletion (Figure 4.12b) increased 
with the amount of catalyst reaching a maximum value at 1.5 g L
-1
 and a further 
increase to 2 g L
-1
 lowered the rate of decolourisation. This decrease could be attributed 
to light scattering or a screening effect caused by the powder particles from 
photodegradation sites as the particles prevent light from penetrating the dye solution. It 
could also be due to agglomeration of powder particles on the surface of the solution 
which would not only prevent light from reaching the active sites, but it would also 
reduce the surface area available for adsorption [41].  Figure 4.13 shows a plot of the 
rate constants against amount of powders loaded, and maximum rates were attained at 
1.5 g L
-1
 loading. The percent efficiency (E%) of the photocatalysed degradation of Rhb 




× 100         4.4 
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(where A0 is the initial absorbance, and A is the absorbance at a time t (of 2 hours in 
these experiments) was calculated and the values are presented in Table 4.6. 
 
 
Figure 4.12: a) Degradation profile for RhB dye in the presence of varying amounts of 





first-order rates for the degradation of RhB by NdBa900. Similar trends were obtained 




Figure 4.13: Rates of photodegradation of RhB increased with the mass of catalyst 
added, maximum rates are observed at 1.5 g L
-1
 for all powders (Ca, Ba and Sr = 




Table 4.6: Efficiency of the photocatalytic degradation of RhB at constant pH and H2O2 





Amount of powder/g dm
-1 
Efficiency/% 
NdCa900 NdSr900 NdBa900 
0.00 0.00 0.00 0.00 
0.5 22.20 22.08 12.44 
1.0 74.87 70.97 66.47 
1.5 79.41 73.94 70.96 
2.0 77.39 73.68 68.71 
 
4.3.8.2 Effect of pH 
The pH of the solution is an important parameter and it plays a significant role in 
varying the properties and activity of the photocatalyst surface.  The pH of the solution 
determines the surface charge of the powder particles and also the charge of the dye and 
its ability to adsorb to the catalyst surface.  UV-absorbance measurements for RhB 
monitored at a pH range between 3 and 8 indicated that RhB is stable and does not 
degrade upon illumination in the absence of H2O2 and photocatalyst.  The presence of 
every catalyst, however, showed photocatalysed degradation and an increase in the rate 
of decolourisation of the dye with decrease in pH (Figure 4.14a), which suggests that 
the catalyst materials are active over a wide range of pH and acidic pH better facilitates 
the degradation of the dye. 
The rate of decolourisation of the dye by NdSr900 and NdCa900 varied to some extent. 
While NdSr900 showed a higher rate at higher pH conditions, NdCa900 displayed 





Figure 4.14: Rate of decolourisation of RhB with change in pH for the NdCa900 
photocatalyst: (a) normalized absorbance versus time plots and (b) pseudo-first-order 
plots for the same reactions. (Mass of catalyst = 1.5 g dm
-3







Table 4.7: Variation of rate of RhB decolourisation with change in pH for different 
photocatalyst (conditions: amount of catalyst (1.5 g dm
-3





) remain constant). 
Solution 
pH 
Pseudo first-order constant /min 
NdCa900 NdSr900 NdBa900 
8.0 0.00399 0.00644 0.00162 
7.0 0.00622 0.00651 0.00645 
5.0 0.00738 0.00796 0.00697 
3.0 0.01122 0.00915 0.00888 
  
4.3.8.3 Effect of peroxide concentration 
Decolourisation of RhB dye in this process is initiated by the generation of hydroxyl 
radicals (
•
OH) via H2O2 splitting by the photocatalyst powder as neither the 
photocatalyst nor the peroxide alone was able to degrade the dye.  The effect of H2O2 
concentration on the decolourisation process at the natural pH of the dye shows a steady 
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increase in rate with increase in H2O2 concentration for all the powders, as expected, 




 of H2O2 (Figure 4.15).  A further increase in 
the amount of H2O2, however, does not lead to a further increase in rates but rather a 
stagnation or reduction of rates is observed.  An explanation for this could be that at 
lower concentration of H2O2, 
•
OH are produced which aid to increase the rate of 





).  When the concentration of H2O2 is increased beyond this optimum concentration, 
the 
•
OH radicals produced either recombine to form H2O2 or probably become 
scavengers of valence bond holes rather than facilitating the decolourisation process of 
the dye, and hence the rates are either stagnated or reduced.  The trend was the same for 
all the catalyst materials used (Table 4.8). 
Table 4.8: Effect of H2O2 concentration on the rate of decolourisation of RhB at its 
natural pH and in the presence of 1.5 g dm
-3
 of photocatalyst. 
[H2O2]/mol dm
-3
 Pseudo first-order rate constant/min 
NdCa900 NdSr900 NdBa900 
1x10
-5 
0.00792 0.00289 0.00188 
2x10
-5 
0.01019 0.00493 0.00540 
3x10
-5 
0.01300 0.01147 0.00718 
3.5x10
-5 





Figure 4.15: (a) The Effect of H2O2 concentration on the rate of photodegradation of 
RhB dye solution in the presence of NdSr900 (1.5 g dm
-3
) and at the natural pH of of 
RhB. (b) The pseudo-first-order plots for the same reactions. 
 
4.3.8.4 Effect of dye concentration 
To study the effect of initial dye concentration on the photodegradation rates the amount 




 respectively) while 
the amount of dye was varied between 1.5 to 5 mg dm
-3
. A representative normalized 
and natural log plot of the absorbance versus time for photodegradation is shown in 
Figure 4.16. Although the value for the rates of the photodegradation are close, there 
appears to be a  marginal decrease in pseudo-first-order rate constant with a decrease in 
the initial dye concentration. An explanation for this could be that the degradation of the 
dye depends on the presence of ˙
•
OH radicals and the rate of generation of the hydroxyl 
radical could to some extent be impacted by the initial concentration of the dye [42]. 




Figure 4.16: Effect of initial concentration of dye on reaction rate at the natural pH of 
dye for the catalyst Ba = NdBa900. 
 
4.3.8.5 Chemical Oxygen Demand (COD) 
The results of the COD analysis of the degraded dye solution after three hours of 
photodegradation activity is presented in Figure 4.17. The result shows that 
mineralization is least in the dye solution that has been photodegraded with NdBa900; 
the solution has the highest COD value, implying that the dye may have been broken 
down into smaller units of colourless organic compounds but not much mineralization 
has occurred. NdCa900, however, has the lowest COD value, which implies that the 
degree of mineralization is highest in this case and, therefore, NdCa900 is the most 
efficient in mineralization of the dye. The photodegradation of the dye can be 
represented generally by 




Figure 4.17: COD (mg dm
-3
) values for the photocatalysts after degrading the RhB dye 
for three hours. 
 
4.3.8.6 Mechanism 
The following reactions could be responsible for the generation of the active 
•
OH 
radicals required to initiate the degradation process of the RhB dye in these 
photocatalytic systems.  The first is the photogeneration of an electron-hole pair in the 
photocatalysts.  The generated electrons in the conduction band of the catalyst can then 
be trapped in the H2O2 to cause the production of the radicals according to the following 
mechanism where ℎ𝑐 is energy of light: 
PC + ℎ𝜈 → e− + h+         (4.6) 
H2O2 + e
− → ˙OH + OH−        (4.7) 
The h
+
 can also react with water to generate more radicals as follows: 
H2O + h
+ → H+ + ˙OH        (4.8) 
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The hydroxyl radicals can also be produced via a photo-Fenton or a Fenton-like 
mechanism involving the Fe
3+
 ions in the B-site and H2O2 according to the following 
reactions: 
H2O2 +  Fe
3+ → Fe − OOH2+ + H+       (4.9) 
Fe − OOH2+ → Fe2+ + HO2
•         (4.10) 
H2O2 +  Fe
2+ → Fe3+ + 2HO•       (4.11) 
A direct hv/H2O2 interaction to produce hydroxyl radicals have been ruled out since the 
dye did not degrade under this condition. 
4.4  Conclusions 
Novel Nd0.5(Bi0.2X0.2Mn0.1)FeO3-δ perovskite-type powders (where X = Ca, Sr and Ba) 
were successfully synthesized by using a simple sol-gel method and annealed at both 
750 and 900 
o
C.  The materials were characterized by means of BET, XRD, HRTEM, 
SEM, VSM, Mӧssbauer spectroscopy and PL spectroscopy.  The powders were 
crystalline and crystallinity increased with increase in annealing temperature.  PXRD 
refinement shows that powders annealed at 900 °C all crystallized in a single phase 
perovskite-like orthorhombic lattice in agreement with the tolerance factor values 
calculated from the Goldschmidt equation.  The different Fe environments and the high 
coercive field values deduced from the Mӧssbauer spectroscopy and VSM respectively, 
however, show that the powders may contain a secondary magnetic phase.  The room 
temperature magnetization analysis showed significant maximum magnetization with a 
large coercive field for NdSr900 and NdBa900.  This high coercive field make these 
materials candidates for application in memory devices.  The PL spectra show a series 
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of emission peaks arising from the so-called intrinsic luminescence which shifts 
correspondingly as the excitation energy is varied.  The photocatalytic activities of the 
powders in the presence of H2O2 show that the powders function as good photocatalysts 
for the degradation of dyes in the visible light range over a wide range of pH conditions.  
The Ca and Sr substituted powders exhibited very good catalytic activity towards 
photodegradation and mineralisation of the model dye, rhodamine B.  The improved 
magnetic properties of the materials will allow for easy catalyst recovery from dye 
solutions. 
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Nanomaterials, with the formula Eu0.5(Bi0.2X0.2Mn0.1)FeO3-δ (where X = Ca, Sr and Ba), were 
synthesized by using the citric acid sol-gel route and separate portions were annealed at either 
600, 700, 800 or 900 °C.  Scanning electron microscopy, high resolution transmission electron 
microscopy and powder X-ray diffraction analysis of the powders showed that they contain 
crystalline perovskite-type nanoparticles.  Crystallinity increased with higher annealing 
temperature.  The lattice parameters after refinement showed that the particles have either an 




 with the Ba-substituted powders having the highest surface area.  Vibrating sample 
magnetometer analysis of the hysteresis loop provided an insight into the interesting magnetic 
properties of the powders and also the variation in coercivity with annealing temperature.  
Photoluminescence emission spectra were observed for all the powders in the visible region at 
room temperature indicating potential for photoactivity. The powders were all screened for 
photocatalytic activity against an organic dye (rhodamine B) in the visible region of the solar 
spectrum and the results were all positive with Ca containing powders having the highest 
photocatalytic efficiency. 
 





Rare earth perovskite-like oxides with the general formula ABO3 (where A is a large rare earth 
metal and B is a smaller transition metal) have very good potential for use in advanced 
technologies.  They exhibit a wide variety of characteristics due to the flexibility of their 
structure, and the fact that they can accommodate a wide range of elements.  Some of the 
properties exhibited include ferromagnetism, ferroelectricity, ferroelasticity [1, 2], piezo and 
pyroelectric [3, 4], as well as catalytic and photocatalytic properties [5-7].  Some perovskites, 
like BiFeO3 exhibit multiferroic properties, a situation where coupling of electric (lone pair of 
electrons on Bi
3+
), magnetic (a transition metal Fe
3+
)  and structural geometry (due to FeO6 
octahedra) result in multiferroicity [8, 9].  The potential of the perovskite-like oxides have 
attracted a lot of interest and have lead to the fabrication and characterization of novel members 
of the family with a view to exploiting their properties in emerging technological fields.  The 
most widely used methods for influencing the properties of perovskite-like materials is by 
partial substitution of the metals on either the A- or the B-site with other metals (smaller or 
divalent metals) to create oxygen vacancies and limited distortion to the crystal lattice. Divalent 








 have been shown to be very good dopants in this regard 




O3 system can create 
bond length variation and oxygen vacancies that can serve to introduce the needed structural 
change in the crystal that would impact on new properties to the materials. In this work, we 
studied a rare earth RE substituted BiFeO(3-δ) (REBFO, where RE = Eu
3+
) with a general 
formula  ((RE0.5Bi0.2M0.2Mn0.1)FeO(3-δ) system into which have been introduced alkaline-earth 










 with a view to determine 






Eu2O3 (99.9%), citric acid (99.7%) (BDH Chemicals), Fe(NO3)3.9H2O (98%), Bi(NO3)3.5H2O 
(97%), Sr(NO3)2 (99%) Ba(NO3)2.5H2O (99%), Ca(NO3)2 (99%) Mn(CH3OO)2 (99%), K2Cr2O7 
(99%), (Saarchem), ferrous ammonium sulfate, concentrated H2SO4 (98 %) and HgSO4 
(Merck), chemically pure concentrated HNO3, ethylene glycol (99%) (Promark Reagents), 
rhodamine B dye (the coleman and bell Co.), H2O2 30% vol. (100 vol) (Minema Chemicals) 
were used as received. Deionised water from a Millipore Milli-Q Elix 5UV water purification 
unit was used throughout and is hereafter referred to as Milli-Q water. 
5.2.2 Synthesis of (Eu0.5Bi0.2X0.2Mn0.1)FeO(3-δ) 
(Eu0.5Bi0.2X0.2Mn0.1)Fe O(3-δ) (X = Ca, Ba and Sr) powders were all prepared by the Pechini-type 
sol-gel method in citric acid. The precursors (Fe(NO3)3.9H2O, Eu2O3, Sr(NO3)2, Mn(CH3OO)2, 





).  The solution was mixed thoroughly, made up to 200 cm
3
 with Milli-Q water and 
then gradually poured into a burette.  This solution was then added (drop-wise) to a citric acid 
solution (400 cm
3
, 0.15 mol) in a beaker which was continuously stirred by a magnetic stirrer at 
room temperature. Once the addition was completed, and with the solution still being stirred, the 
temperature of the mixture was raised to 90 
o
C and allowed to stand until the volume of the 
solution reduced to about 50 cm
3
, ethylene glycol (100 cm
3
) was then added and the heating and 
stirring continued until a thick gel formed. The gel was then dried in an oven at 120 
o
C for 24 
hrs, pre-calcined at 400 
o
C for 4 hrs to remove all organic components, and then separate 
portions were annealed at different temperatures (600, 700, 800 and 900 
o
C) in a muffle furnace 
for 4 hrs.  Small portions of the Sr and Ba substituted powders were annealed at 1000 °C for 4 
hrs to investigate the effect of a higher annealing temperature on the crystallinity of their 




The surface morphology and microstructure of the materials was studied by using a JOEL JEM 
2100 LAB6 high resolution transmission electron microscope (HRTEM) equipped with a 
lanthanum hexaborite emission source and operated at an acceleration voltage of 200 V.  Each 
sample was dispersed in ethanol in a small centrifuge tube and sonicated before being dispersed 
on a carbon grid and the images collected.  Powder X-ray diffraction (PXRD) analysis was 
performed with a Bruker D8 Advance instrument with a Cu Kα radiation source (λ = 1.5406 Å).  




          (5.1) 
was used to determine the average crystallite sizes of the particles. 
 where k is the Scherrer constant with a value of (0.89), λ is the wavelength of radiation and β is 
full width at half maximum. 
Surface areas were determined by nitrogen adsorption at 77 K and the BET equation method by 
using a Micromeritrics Tristar II 3020 fully automated three-station surface area and porosity 
analyzer.  Fourier transform infrared-attenuated total reflectance spectra (FTIR-ATR) were 
recorded on a PerkinElmer Spectrum RX1 instrument fitted with an ATR accessory.  The 
magnetic properties were analysed with a LakeShore model 735 vibrating sample magnetometer 
(VSM) which had been calibrated by using a standard Ni sphere of saturation magnetization 
54.7 emu g
-1
.  The maximum applied magnetic field was 14 kOe and measurements were 
performed at room temperature (RT).  Photoluminescence spectra of the materials was studied 
by using a PerkinElmer LS 55 spectrofluorimeter equipped with a high energy pulsed xenon 
source for excitation.  The samples were excited at wavelengths between 375 to 405 nm and the 




5.2.4 Photocatalytic screening 
Photocatalytic activity of each sample was tested on rhodamine B (RhB) dye solution (that have 
been prepared by dissolving  the dye powder in Milli-Q water) in the presence of H2O2 at room 
temperature.  Samples were irradiated with a 26 W fluorescent lamp (Osram Dulux D, 26 W, 
1800 lm) placed in a quartz jacket and held at about 7 cm above the RhB dye solution (which 
was continuously stirred with a magnetic stirrer) containing various amounts of the synthesized 
materials and H2O2.  A 30 min. period was allowed for equilibration in the dark before the lamp 
was turned on. Aliquots of the dye solution were withdrawn at regular intervals of 20 min, 
centrifuged and filtered through a 0.45 μm syringe filter (Millipore).  Photodegradation of the 
dye was monitored by measuring the absorbance of each aliquot with a Biochrom Libra S6 UV 
spectrophotometer at a wavelength of maximum absorption (λmax) for RhB of 556 nm. The 
chemical oxygen demand (COD) analysis of the irradiated dye solution was done by oxidizing 
the organic carbon with potassium dichromate and then back-titrating the excess dichromate 
with ferrous ammonium sulfate [12]. 
5.3 Results and discussion 
Dry powders of perovskites (Eu0.5Bi0.2Ba0.2Mn0.1)FeO(3-δ) (EuBa), (Eu0.5Bi0.2Sr0.2Mn0.1)Fe O(3-δ) 
(EuSr) and (Eu0.5Bi0.2Ca0.2Mn0.1)Fe O(3-δ) (EuCa) were obtained after calcination and annealing 
at 600, 700, 800 and  900 °C with colours ranging from dark brown to black.  The Goldschmidts 




     (5.2) 
where tX is Goldschmidts tolerance factor for the material in which X has been substituted and r 
is the radius of the ions of the subscripted atoms. (rEu = 0.947 Å, rBi = 0.96 Å, rX = (rCa = 1.34 Å, 
rSr = 1.44 Å or rBa = 1.61 Å, rMn = 0.58 Å, rFe = 0.78 Å, rO = 1.4 Å) [13].  The equation predicts 
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an orthorhombic lattice for all the materials with the following t values:-  tCa = 0.7757, tSr = 
0.7821 and tBa = 0.7932. 
5.3.1 Phase purity and crystallinity 
The crystalline phases, degree of crystallinity and particle sizes of the powders were determined 
by using powder X-ray diffraction.  Figure 5.1 shows the diffractograms obtained for the 
calcium substituted powders.  The results show that the powders all formed crystalline 
orthorhombic perovskite-type lattices with space group Pbnm.  Since the diffractograms fit the 
diffraction pattern of Gd0.5Ca0.5FeO2.5 (ICCD 00-052-0152), this indicates that all the ions have 
been incorporated into the perovskite lattice as no impurity peaks are present.  The cell 
parameters for all the powders are shown in Table 5.1.  The orthorhombic cell volume appears 
to decrease as the annealing temperature increases, since the cell volumes are determined by the 
ionic sizes of atoms present within the lattice, this implies that the higher oxidation states of the 
ions with smaller ionic sizes are stabilised at higher annealing temperatures thereby leading to a 
decrease in the cell volumes.  The general trend for the cell volumes for powders substituted 
with different X
2+






 in accordance to the size of the cation.  The 
formation of the perovskite phase begins at an annealing temperature of 600 °C since the 112, 
220 and 024 planes are clearly visible.  The broad peaks are due to the nanocrystalline nature of 
the powder particles.  The decrease in the broadness of the peaks at higher annealing 
temperatures coupled with an increase in intensity and sharpness indicates an increase in the 
sizes and crystallinity of the powder particles.  The crystal sizes calculated from the Scherrer 
equation by using the 112 peaks are presented in Table 5.1 and the results show the average 
crystallite sizes increasing with an increase in annealing temperature for all the powders.  Peak 
intensities are higher for the Ca-containing powders at each annealing temperature (Figure 5.2), 
while the peaks for the Sr- and Ba- containing materials are mostly broad with low intensities.  
This is related to a combination of microstrain and crystallite size broadening coupled with 
some lattice defect [14, 15] in the material which is related to the size of the alkaline-earth metal 
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substituted as follows; Ba > Sr > Ca.  The powders annealed at higher temperature (1000 °C) 
show better diffraction peaks for both the Sr- and Ba- substituted powders (Figure 5.3).  The 
better resolved peaks are as a result of the higher temperature treatment of the lattice defect.  
 
 




Figure 5.2: Powder x-ray diffractograms for powders annealed at 900 °C. 
 
 
Figure 5.3: Diffractograms are more resolved and with higher intensity due to the high 




Table 5.1: cell parameters, crystallite sizes and BET surface areas for the powders 
annealed at 700, 800 and 900 °C. 
Samples Cell parameters Crystallite size, 






(± 0.01) a/Å b/Å c/Å V/Å
3 
EuCa700 5.395 5.525 7.647 227.939 
 
16.34 18.65 
EuCa800 5.362 5.514 7.631 225.576 20.93 11.72 
EuCa900 5.357 5.513 7.649 225.927 25.96 7.477 
EuSr700 5.424 5.535 7.699 231.147 17.52 17.70 
EuSr800 5.382 5.525 7.646 227.392 18.49 14.91 
EuSr900 5.401 5.518 7.679 228.870 23.01 11.30 
EuBa700 5.482 5.591 7.799 239.075 14.18 16.09 
EuBa800 5.476 5.585 7.799 238.525 18.09 14.80 
EuBa900 5.407 5.566 7.761 233.576 22.02 11.62 
 
5.3.2 Microstructural characterization 
The low magnification HRTEM images of the crystals show particles with a size range between 
13-20 nm in agreement with the calculated sizes from the Scherrer equation (Table 5.1).  The 
EuBa material formed some nanocubes as well as spherical nanoparticles, while the EuSr and 
EuCa powders contained largely spherical nanoparticles (Figures 5.4 and 5.5). 
 
Figure 5.4: Crystal morphology (a) spherical shape of EuBa900 particles, (b) 112 




Figure 5.5: Cubic crystals of (a) EuBa900, (b) EuBa800, (c) and (d) lattice fringes and 
nanocubes for EuBa700 respectively. 
 
5.3.3 Surface characterisation 
The ATR-FTIR spectra for some of the substituted powders (600-900 °C) are shown in Figure 
5.6.  The peaks are observed at two important regions, namely, 600-380 cm
-1
 and between 1500-
1300 cm
-1
. The peak at around 1450 cm
-1
 has been assigned to different types of bending and 
stretching modes for –O-H of water molecules adsorbed at the surface of the particles.  This 
peak gradually diminished with higher annealing temperatures as can be observed for the Ba 
substituted powders (Figure 5.6a) [16].  This reduction in OH peak size is an indication of the 
removal of surface adsorbed H2O at higher annealing temperature.  It could also be an indication 
of the diminishing BET specific surface area (SSA) of the materials.  A similar pattern was 
observed for other samples.  The peaks that occur between 600 and 380 cm
-1
, however, 
represent the cumulative absorption of various Fe – O and O – Fe – O bending and vibration 
modes  for octahedral FeO6 and these peaks can be seen to increase in size at higher annealing 
temperatures [6, 16-18]. Figure 5.6b shows FTIR spectra for samples annealed at 900 °C.  They 
all exhibit similar peak positions, thereby indicating the formation of perovskite lattice 




Figure 5.6: (a) FTIR peaks for Ba-substituted powders annealed at temperatures from 
600 to 900 °C, and (b) powders annealed at 900 °C. 
 
5.3.4 Surface area and porosity 
The BET surface areas for the powders are presented in Table 5.1.  The surface areas obtained 




.  Lower surface areas were obtained for powders 
annealed at higher temperatures.  The N2 adsorption-desorption (A-D) isotherms at 77 K for 
these materials conform to the type II isotherm according to the IUPAC classification [19]. The 
hysteresis loops indicate that all powders contain porous particles with pore sizes ranging from 
meso- to macroporous, Figure 5.7 shows the A-D isotherm for NdBa700 and similar plots were 
obtained for all other samples.  Figure 5.7 (insets) are modal plots of pore size distribution 
(PSD).  The curves show that the pore sizes are distributed between meso- and macroporous 
with the pore area for the mesopores dropping continuously as annealing temperature is 




Figure 5.7: Adsorption-desorption isotherms showing features corresponding to a type 
II IUPAC classification, the insets show the variation of the pore size distribution as 
anneling temperature increased. 
5.3.5 Magnetic properties 
The hysteresis loops for the room temperature magnetization of EuBa600-900 are shown in 
Figure 5.8a. A large and steady increase in the value of the coercive field is observed between 
EuBa600 and EuBa800, however, a slight increase in the coercivity is observed between 
EuBa800 and EuBa900 as the critical domain size (a size limit after which further increase in 
size does not lead to a further increase in the coercivity) is approached [20]. The large coercive 




Figure 5.8: (a) Hysteresis loops for EuBa annealed from 600 to 900 °C, (b) hysteresis 
loops for EuCa annealed from 600 to 900 °C, (c) hysteresis loops for all the powders 
annealed at 900 °C and (d) a plot of relationship between coercive field and annealing 
temperature for all the powders. 
increases with increase in annealing temperature and gives rise to the corresponding increase in 
the values for remanent magnetization MR [21] and (MR/MS). The slight constriction at the 
middle of the loop indicates the presence of the remnants of materials with soft magnetic 
properties and the constriction is as a result of interaction between these two phases [22].  
Similar results were obtained for the EuSr series and the magnetisation parameters are presented 
in Table 5.2. The trend is, however, different in the case of the EuCa series (Figure 5.8b).  The 
magnetisation collapses completely for the powders annealed at 700 °C and above as can be 
seen from the plot, indicating that these powders might have either a predominantly 
paramagnetic (PM) or anti-ferromagnetic (AFM) property.  The AFM contribution in all the 
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powders could originate from the Fe–O or Fe–O–Fe interactions when there is an angular 





) [23].  Figure 5.8c shows the hysteresis loops for the powders annealed 
at 900 °C.  Large coercive fields can be seen for EuBa and EuSr annealed at 800 and 900 °C.  
Such large coercivities (above 4 kOe at room temperature) can be attributed to the result of both 
the magnetic anisotropy and the spin coupling between the FM and the AFM components of the 
material [23, 24]. Figure 5.8d shows the increase in coercivity with increasing annealing 
temperature between 600 and 800 °C. The magnetization parameters are presented in Table 5.2. 
Table 5.2: Magnetization parameters obtained from M-H hysteresis loops of samples 
annealed from 600 to 900 °C. MS = saturation magnetisation, MR = remanent 





 MR/MS HC/Oe 
EuCa600 5.25 0.300 0.055 44.315 
EuCa700 1.26 0.020 0.051 269.19 
EuCa800 1.13 0.010 0.052 354.51 
EuCa900 1.13 0.002 0.037 155.45 
EuSr600 4.09 0.840 0.215 256.79 
EuSr700 4.94 1.059 0.367 2990.7 
EuSr800 4.23 1.703 0.415 5335.9 
EuSr900 4.22 1.624 0.399 5784.0 
EuBa600 4.27 0.389 0.101 73.981 
EuBa700 4.22 1.381 0.323 1882.0 
EuBa800 4.47 1.623 0.386 4740.7 




Figure 5.9 shows the emission peaks for excitations at different energies between 380 and 405 
nm. A series of narrow emission peaks which shifts according to the shift in excitation energy 
were observed.  The emission peaks extend over wavelengths corresponding to various colours 
(green to red) in the visible region [25].  PL has been shown to occur in perovskites either due to 
the presence of impurities within the crystal lattice of the material, the presence of 
defects/oxygen vacancies within the lattice, or the formation of multiple trap states between the 
valence band (VB) and the conduction band (CB) levels of the material [26-28]. These peaks 
occur in the visible region of the electromagnetic spectrum indicating that these materials can 
function as photocatalysts utilising visible light to bring about the degradation of organic 
pollutants. 
 
Figure 5.9: A series of photoluminescence emission spectra for EuBa900. The  






5.3.7 Photocatalytic screening 
In the photocatalytic degradation of organic dyes, the nature of the photocatalyst and the 
conditions under which the reactions occur are vital in determining the efficiency of the 
photocatalytic reaction.  The following is the investigation of the effect of varying some of the 
parameters in the photocatalytic degradation of RhB. 
5.3.7.1 Effect of annealing temperature on efficiency 
The RhB solution only photodegrades in the presence of a combination of the photocatalytic 
material and H2O2 for all the powders.  Figure 5.10a shows the result of the photocatalytic 
screening of the powders prepared at annealing temperatures of 700, 800 and 900 °C for the 
EuSr series of powders.  The powders all show good photocatalytic activities with respect to 
RhB photodegradation with the activity increasing for powders annealed at higher temperatures.  
This implies that the powder annealed at 900 °C has the highest photocatalytic activity.  Similar 
results were obtained for all the other powders.  Figure 5.10b shows the photodegradation 
activity for all the powders annealed at 900 °C.  All the powders showed a good ability to 
decompose RhB.  The decomposition, however, was slightly higher for the EuCa900 powder.  
The pseudo-first-order rate constant for the photodegradation of RhB in the presence of these 




Figure 5.10: (a) Time dependence of the photodegradation of RhB for 1.5 g dm
-3
 
EuSr700 to 900, and (b) time dependence of the photodegradation of RhB for the 
powders annealed at 900 °C. 
 
Table 5.3: Rates of RhB photodegradation for the powders ((1.5 g dm
-3











EuCa900 1.34 x 10
-2
 0.998 
EuSr900 1.23 x 10
-2
 0.999 




The photodegradation of RhB by these photocatalysts follows pseudo-first-order reaction 




= 𝑘𝑜𝑏𝑠𝑡.          (5.3) 
Where A0 and A are the initial absorbance and the absorbance of the dye solution at time t (min) 
respectively, and kobs (min
-1





) for the materials annealed at 900 °C as shown in Table 5.3 and all show a good fit to 
pseudo-first-order kinetics. 
5.3.7.2 Effect of photocatalyst loading 
The effect of photocatalyst loading of EuBa900 on the photodegradation of RhB dye is 
presented in Figure 5.11.  Generally, there is an increase in the decolourisation of the RhB dye 
solution as the amount of the photocatalyst powder is increased.  An optimum amount (of 1.5 g 
L
-1
 of photocatalytic material) is reached, above which the rate of photodegradation of the dye is 
decreased.  The initial increase in the rate of decomposition of the dye as the amount of the 
photocatalyst is increased could be attributed to a consequent increase in surface area.  The 
latter decrease, however, could be due to (a) the presence of excess photocatalyst materials 
which rather than act to enhance the photodegradation, block the light from reaching the 
photodegradation sites and hence reduce the rate of decomposition of the dye, or (b) aggregation 
of the photocatalyst particles leading to a decrease in surface area available for 
photodegradation [29-31]. 
 
Figure 5.11: (a) Degradation time dependence of RhB for different amounts of 




Similar results were obtained for the other powders.  Figure 5.12 shows the relationship between 
the rate constants of the photodegradation reactions against the photocatalyst loading for all the 
powders. 
 
Figure 5.12: Increase in the rate of photodegradation with increase in amount of 
photocatalyst. 
 
5.3.7.3 Effect of solution pH on the photodecomposition 
The pH of a solution plays a significant role in the determination of the properties and activities 
of the photocatalyst. The pH of the solution determines the surface charge of the powder 
particles and the charge of the dye, the adsorption of the dye at the photocatalyst surface and the 
oxidation potential of the valence band [32] of the photocatalyst. The photocatalytic degradation 
of the dye was monitored at various pH values between 8 and 3 and the results show that the 
powders are active within a wide range of pH. Figure 5.13 shows the time-dependent plots of 
the normalised absorbance values for RhB for the EuSr900 photocatalysed decomposition, with 
the rate of the reaction increasing for the lower pH values (decomposition rates highest for pH 
3).  Similar results were obtained for the other powders.  Table 5.4 presents the values of the 
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pseudo-first-order rate constants for all the other powders.  As can be seen, the Ca-substituted 
material is the most photocatalytically active. 
 
 
Figure 5.13: (a) Degradation time-dependence of RhB for EuCa900 powders, and (b) 
pseudo-first-order plots for the same reactions at different pH values. 
 
Table 5.4: Pseudo-first-order rate constants for the photodegradation of RhB with 




EuCa900 EuSr900 EuBa900 
8 0.00709 0.00711 0.00795 
7 0.00858 0.00801 0.0059 
5 0.01209 0.00979 0.01031 





5.3.7.4 Effect of RhB concentration on rate of decomposition 
The effect of the variation of the initial concentration of the RhB dye on the rate of 
photodegradation was studied by keeping the amount of photocatalyst and H2O2 constant.  The 
results of these reactions with EuBa900 powders are presented in Figure 5.14.  Little variation 
in the rates of photodegradation of the dye can be observed but, generally, when the reaction 
rates are very close and without a clear trend, it indicates that the rate of the reaction does not 
depend on the initial concentration of the dye.  The rate constants for the reactions (Table 5.5) 
show that the difference in the observed rate constants of the photodegradation for each of the 
other powders is very similar.  The Ca-substituted material is marginally more active. 
 
Figure 5.14: (a) Degradation time-dependence for varying initial concentrations of the 
RhB dye with EuBa900 (1.5 g dm
-3




H2O2) and (b) pseudo-first 






Table 5.5: Pseudo-first-order rate constants for photocatalysts (1.5 g dm
-3
 of catalyst in 











EuCa900 EuSr900 EuBa900 
5.0 0.01233 0.01062 0.01006 
3.5 0.01216 0.01157 0.00927 
2.0 0.01312 0.01174 0.00934 
1.0 0.01172 0.01058 0.01005 
 
5.3.7.5 Mineralization 
The chemical oxygen demand (COD) is a procedure that has been widely used to estimate the 
organic strength of wastewater.  Here we have employed this process in order to determine the 
extent of mineralization of the RhB dye in the solution. The values for the COD of the samples 
obtained after 3 hrs of photodecomposition are presented in Figure 5.15.  It is apparent that  the 
extent of mineralization of the RhB dye molecules is greatest for the Ca substituted material. 
 
Figure 5.15: COD values for the degraded RhB dye solution after 3 hrs indicate that 





The following reactions could be responsible for generation of the active 
•
OH radicals required 
to initiate the degradation process of the RhB dye in these photocatalytic systems.  The first is 
the photogeneration of an electron-hole pair in the photocatalysts.  The generated electron in the 
conduction band of the catalyst can then be trapped in the H2O2 to cause the production of 
radicals according to the following mechanism: 
PC + ℎ𝜈 → e− + h+         (5.4) 
H2O2 + e
− →  •OH + OH−        (5.5) 
The h
+
 can also react with water to generate more radicals as follows: 
H2O + h
+ → H+ +  •OH        (5.6) 
The hydroxyl radicals can also be produced via a photo-Fenton or a Fenton-like mechanism 
involving the Fe
3+
 ions in the B-site and H2O2 according to the following reactions: 
H2O2 +  Fe
3+ → Fe − OOH2+ + H+      (5.7) 
Fe − OOH2+ → Fe2+ +HO2
•        (5.8) 
H2O2 +  Fe
2+ → Fe3+ + 2HO•       (5.9) 
A direct hν/H2O2 interaction to produce hydroxyl radicals has been ruled out since the dye did 
not degrade under this condition. 
5.4 Conclusions 
We have successfully synthesized a perovskite-type material with the general formula 
(Eu0.5Bi0.2X0.2Mn0.1)FeO3-δ (X = Ca, Sr and Ba). PXRD characterisation shows that the powders 
annealed at 700, 800 and 900 °C all crystallized in the orthorhombic perovskite lattice with 
135 
 





analysis shows interesting properties indicating the presence of both FM and AFM 
characteristics that result in very large coercive field for samples annealed at 800 and 900 °C. 
The materials also show a series of photoluminescence emission spectra corresponding to 
excitation energies in the visible region of the electromagnetic spectrum, indicating that they 
could function as photocatalysts utilising energy within the visible region. Photocatalytic 
screening of the powder for degradation of the RhB dye showed very good activities for the 
powders annealed at 900 °C with EuCa900 being the most efficient in mineralising the organic 
dye into CO2/H2.  These materials are good candidates for use in the field of environmental 
chemistry for purification of water contaminated by organic dye.  Their ability to degrade 
organic pollutants could be exploited also in cleaning wastewater from pharmaceutical 
industries which contain toxic pollutants that have been implicated in endocrine disruption.  The 
improved ferromagnetism exhibited by the EuBa and the EuSr series means that they can be 
easily recovered by applying a magnetic field. The coercive field values obtained in these 
materials could also be exploited for possible application in memory devices. 
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Novel perovskite-type nanomaterials with the composition (La0.5Bi0.2Sr0.2Mn0.1)FeO3-δ, 
were synthesized by using the citric acid sol-gel route and annealed at temperatures 
from 400 to 900 °C.  Scanning electron microscopy, and powder X-ray diffraction 
analysis of the powders showed that they contain crystalline perovskite-type 
nanoparticles. Crystallinity increased with annealing temperature. The lattice parameters 
after refinement showed that the particles crystallized in a rhombohedral structure. The 





Vibrating sample magnetometer analysis of the hysteresis loops showed an increase in 
coercivity with increasing annealing temperature.  Very large coercive fields of about 
54 kOe were obtained for samples annealed at 900 °C.  Photoluminescence 
spectroscopy showed that the powders were all active in the visible region and could be 
useful for visible light photodegradation of organic dyes. The powders were all screened 
for photocatalytic activity against an organic dye (Rhodamine B) in the visible region of 
the solar spectrum and the photocatalytic activities were good for powders annealed at 
700 °C and above. 





Numerous studies have focussed on synthesizing and studying materials that can be 
used to advance technological fields.  One outstanding family of materials that have 
received considerable attention is the perovskites and the perovskite-like materials.  
These are a group of materials that can generally be represented by the formula ABX3 
(where A
3+
 could be a large rare-earth metal, B
3+
 is a smaller transition metal and X
2-
 is 
a nonmetal, mostly, oxygen).  They  have a tendency for displaying an array of very 
interesting characteristics due to the flexibility of the structure of these compounds and 
their ability to accommodate almost all the elements on the periodic table in different 
types of combinations.  The perovskite structure lends itself to manipulation by means 
of simple approaches, thereby creating novel materials with interesting properties 
suitable for application in advanced technologies.  Multiferroic perovskite materials, 
having both ferromagnetic and ferroelectric properties (e.g. doped and undoped 
BiFeO3), have been studied extensively due to their potential application in electric and 
magnetic devices [1-4]. Similarly, rare earth perovskite-like solid solutions have been 
subjected to intensive investigation due to their potential for use as cathodes in solid 
oxide fuel cells (SOFC) [5-7], acoustic transducers, piezo- and pyroelectric devices [8-
10], sensors [11, 12], memory and capacitor devices [13], as well as environmental 
catalytic and photocatalytic materials [14-18]. In order to make multiferroic materials, 
several ions with varying physical properties can be introduced into the material of 
interest to make it more robust and suited for certain purposes. Introducing 
ferroelectricity into a given material, for example, can be achieved by either 
incorporating some d
0
 configuration transition metal (TM) ions (e.g. Ti
4+
) into the 







which the lone pair is responsible for the ferroelectricity [19, 20]. Introducing some 
other smaller divalent ions can also create bond length variations and oxygen defects 
which might enhance the ferromagnetic (FM) properties of the material as well as its 
photocatalytic properties. Synthesis of these materials normally involves doping, or 




 ions with other metal ions capable of imparting 
those properties of interest. M
2+










) have been 
used to impart novel properties on rare earth perovskite-like solid solutions due to their 
ability to create bond length variations, oxygen vacancies and defects in the material 
lattice [21-25]. In this work, we used a Pichini-type sol-gel method to synthesize a novel 
perovskite-like solid solution, La0.5(Bi0.2Sr0.2Mn0.1)FeO3-δ, and then investigated the 
effect of annealing temperature on the magnetic and photocatalytic properties of these 
materials at room temperature. 
6.2 Experimental 
6.2.1 Materials 
Fe(NO3)3.9H2O (98%) (Saarchem), La2O3 (99.8%) (BDH Chemicals), Bi(NO3)3.5H2O 
(97%) (Saarchem), Sr(NO3)2 (99%) (Saarchem), Mn(CH3OO)2 (98%), K2Cr2O7 (99%) 
Ag2SO4 (99%) (Saarchem), citric acid (99.7%) (BDH Chemicals), chemically pure 
concentrated H2SO4 (98%), HgSO4 (99%) and (NH4)2Fe(SO4)2.6H2O (99%) (Merck), 
chemically pure concentrated HCl (37%) and HNO3 (55%) (Promark Reagents), 
ethylene glycol (99%) (Promark Chemicals), rhodamine B (The Coleman and Bell Co), 
and H2O2 30% vol. (100 vol) (Minema Chemicals) were used as received. Deionised 
water from a Millipore Milli-Q Elix 5 UV water purification system was used 
throughout and hereafter referred to as Milli-Q water. 
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6.2.2 Synthesis of (La0.5Bi0.2X0.2Mn0.1)FeO(3-δ) 
(La0.5Bi0.2Sr0.2Mn0.1)FeO(3-δ) samples were prepared by a sol-gel process. Fe(NO3-
)3.9H2O was dissolved in Milli-Q water (30 cm
3
). La2O3, Sr(NO3)2, Mn(CH3OO)2 and 
Bi(NO3)3.5H2O were dissolved in dilute nitric acid (about 15 cm
3
, 6 mol dm
-3
) solution 
to give the amount of metals required in the correct mole ratio.  The solutions were 
mixed thoroughly, made up to 200 cm
3
 with Milli-Q water and then gradually poured 
into a burette.  The solution was then added (drop-wise) to a citric acid solution (400 
cm
3
, 0.15 mols) in a beaker which was continuously stirred by a magnetic stirrer at 
room temperature to form a single clear solution.  Once the addition was completed, and 
with the solution still stirring, the temperature of the mixture was raised to 90 
o
C.  The 
arrangement was left to evaporate until the volume of the solution was reduced to about 
50 cm
3
, ethylene glycol (100 cm
3
) was added and the heating and stirring continued 
until a thick gel formed.  The gel was then removed from the beaker and placed in a 
crucible in an oven at 120 
o
C for 24 hrs to dry.  The dry gel was subsequently pre-
calcined at 400 
o
C for 4 hrs to remove all the organic material.  Separate sample 
portions of the powders were subsequently annealed in a muffle furnace for 4 hrs at 




The morphology and microstructure of the powders was analysed by means of a ZEISS 
Ultra plus field emission gun scanning electron microscope (FEGSEM).  The crystal 
lattice and crystallite size were determined by powder X-ray diffraction (PXRD) 
analysis.  The diffractograms were collected on a Bruker D8 Advance diffractometer 
equipped with a Cu Kα radiation source and the Scherrer equation D = kλ/βcosθ (where 
D is the crystallite size, k is the Scherrer constant, λ is the wavelength of the radiation 
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and β is the full width at half maximum) was used to calculate the average crystallite 
sizes of the powder particles.  Surface areas were determined by nitrogen adsorption and 
the BET equation method using a Micromeritrics Tristar II 3020 fully automated three 
station surface area and porosity measuring instrument.  The magnetic properties were 
studied with a LakeShore model 735 vibrating sample magnetometer (VSM) which had 
been calibrated by using a standard Ni sphere of saturation magnetization 54.7 emu g
-1
.  
The maximum applied magnetic field was 14 kOe and the measurements were 
performed at room temperature. Thermogravimetric analysis (TGA) and differential 
scanning calorimetry (DSC) measurements were obtained for each sample using a 
TG/DTA thermal analyzer (TA instruments SDT Q600 thermal analyzer) in air.  The 
temperature range of the analysis was between 25 to 1000 °C. FTIR spectra for each 
sample was recorded on a PerkinElmer FTIR spectrum 100 fitted with an attenuated 
total reflectance (ATR) accessory.  The photoluminescence spectra were monitored at 
three excitation wavelengths (380, 390 and 400 nm) by means of a PerkinElmer LS 55 
spectrofluorimeter equipped with a high energy pulsed xenon source for excitation. 
6.2.4 Photocatalytic screening 
The photocatalytic activity of each sample was tested on rhodamine B (RhB) dye in the 
presence of H2O2 at room temperature.  A 26 W fluorescent lamp (Osram Dulux D, 26 
W, 1800 lm) placed in a quartz jacket at about 7 cm from the top of the dye solution was 
used as the source of white light.  A mass of 1.5 g dm
-3
 of each of the powders was used 
for the test.  Aliquots of the irradiated dye solution were withdrawn at regular intervals 
and analyzed by means of a Biochrom Libra S6 UV spectrophotometer and a Shimadzu 
UV-3600 UV-VIS-NIR spectrophotometer at the wavelength of maximum absorption 
(λmax) for RhB (556 nm). 
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6.3 Results and discussion 
A total of six powder samples were obtained after annealing at different temperatures.  
The sample calcined at 400 °C was labelled as LaSr400, other samples where similarly 
labelled with the last three digits representing the temperature at which the powder was 
annealed.  The colour of the samples changed from dark brown for LaSr400 to black for 
LaSr700 to 900. 
6.3.1 Phase purity and crystallinity 
Figure 6.1a shows the powder X-ray diffractograms for the samples annealed at 
temperatures from 400 to 900 °C.  The evolution of the perovskite peaks of 100, 110, 
111, 200, 210 and 211 planes can be observed at TA of 400 °C but the powder can be 
said to be composed of mixed oxides at this TA. At 500 °C, the perovskite pattern has 
formed fully and the crystallinity and purity of the crystals increases with increasing TA 
through 600 to 700 °C.  This is evident in the increase in sharpness and intensity of the 
peaks and the disappearance of all impurity peaks on the diffractograms indicating the 
formation of a single phase perovskite-like crystal.  All peaks were indexed to a 
rhombohedral perovskite pattern with space group R3C by using the Diffrac
plus
 
software.  The peak positions for the very small peaks from TA = 800 to 900 °C 
indicated by (*) correspond to peak positions for an orthorhombic perovskite lattice and 
could be attributed to the onset of transformation of the crystals from the rhombohedral 
to the orthorhombic lattice, indicating the possibility of a full transformation of the 
lattice at higher TA. another reason for these peaks could be phase separation, which 
would lead to the emergence of a secondary phase within the powder lattice. Table 6.1 
shows the calculated lattice parameters and the crystal sizes obtained by using the 
Scherrer equation. The unit cell volume is observed to increase from TA = 500 °C to TA 
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700 °C, which also corresponds to the powders having the highest peak intensity. Figure 
6.1b shows the peak intensities of the 211 plane for all the powders and the intensity for 
TA 700 °C can be seen to be highest (the same scale for vertical axes is used for all 
diffractograms).  The absence of impurity peaks at this TA is also an indication that all 
the ions have been incorporated into the rhombohedral lattice.  A little reduction in cell 
volume is also observed at TA = 800 °C and TA = 900 °C.  This is attributed to the 
distortion in the rhombohedral lattice which, as stated earlier could indicate phase 
separation or the beginning of a transformation of the lattice to an orthorhombic lattice.  
 
Figure 6.1: Powder X-ray diffraction peaks for La0.5(Bi0.2Sr0.2Mn0.1)FeO(3-δ) annealed 
at temperatures (TA) from 400 to 900 °C, and (b) showing the evolution and slight shift 




Table 6.1: Lattice parameters for La0.5(Bi0.2Sr0.2Mn0.1)FeO(3-δ) annealed at different 
temperatures. 









(± 0.01) a/Å b/Å c/Å V/Å
3 
LaSr500 5.522 5.522 13.397 408.516 R3C Rhomb. 8.41 20.57 
LaSr600 5.517 5.517 13.390 407.626 R3C Rhomb. 7.85 16.81 
LaSr700 5.528 5.528 13.446 410.943 R3C Rhomb. 8.51 8.68 
LaSr800 5.511 5.511 13.407 407.156 R3C Rhomb. 7.99 3.90 
LaSr900 5.508 5.508 13.408 406.769 R3C Rhomb. 7.18 2.26 
 
6.3.2 BET specific surface area 
The N2 adsorption-desorption isotherms of the powders (Figure. 6.2) all display a type 
II pattern according to the IUPAC classification [26].  The specific surface areas (SSA) 




 with the SSA decreasing 
as the TA increases (see Table 6.1).  The relative pressure can be seen to push towards 
P/P0 = 1 indicating the predominance of larger pores at higher calcination temperatures.  
Figure 6.2 (inset) shows the pore size distribution of the materials for TA from 500-900 
°C.  The mesopores in the samples annealed at the lower TA disappear rapidly at high 
TA and flatten out completely at TA of 900 °C.  The cumulative effect of this is a steady 
decrease in the value of the SSA as the annealing temperature increases (Figure 6.3).  
The SSA values fall within the SSA values obtained for similar materials that have been 
prepared by using a similar procedure [27].  The activation energy for the reduction of 
the surface area can be calculated by using the Arrhenius plot of the natural log of the 
BET SSA against the reciprocal of the annealing temperature according to 
𝑙𝑛 𝑆𝐵𝐸𝑇 = 𝑙𝑛 𝐴 −
𝐸𝐴
𝑅
(1|𝑇)        (6.1). 
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Where SBET is BET surface area, EA is the activation energy for surface reduction, R is 




), T is the annealing temperature , and 
A is a constant. 





Figure 6.5: N2 adsorption-desorption isotherms obtained at 77 K for LaSr500-900. Inset 





Figure 6.6: decrease in SSAs of the powders as annealing temperature increases. 
 
 
Figure 6.7: The Arrhenius plot drawn to obtain the activation energy for the reduction 
of the surface area with increasing annealing temperature. 
 
6.3.3 Surface characterisation 
The Fourier transform infrared spectra for the samples are presented in Figure 6.5.  The 





 have been assigned to symmetric and asymmetric ionized carboxyl group 
stretching vibrations from carbonates and adsorbed O-H and CO2 groups that are 
present on the powder surface, while peaks that occur at around 570 cm
-1
 are due to the 
stretching and vibrating modes of metal-O bonds [28, 29]. The gradual disappearance of 
the carbonate peaks at higher TA and the simultaneous increase of the metal-O peaks 
indicates the progress in the formation of the perovskite crystals in agreement with the 
PXRD results. 
 
Figure 6.5: FTIR-ATR spectra of synthesizd powders. 
 
6.3.4 Thermal stability 
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 
measurements were carried out on a small portion of the LaSr400 powder and the 
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thermal response was monitored between the temperature range of 25 and 1000 °C.  As 
expected, a gradual drop in weight is observed between the temperature range of 25-475 
°C representing the removal of surface water molecules and any other small molecules 
such as CO2 present (Figure 6.6).  The sharp drop in weight between 480-660 °C has 
been attributed to decomposition of all organic entities, such as oxalates and carbonates, 
accompanied by the release of a large amount of carbon dioxide further to a temperature 
of about 700 °C.  Very small increases in weight can be observed from about 740 °C to 
about 880 °C and this has been attributed to oxygen uptake by the powder.  There were 
no visible exotherms on the DSC curve representing the crystallization point of the 
powder.  This is because, as can be seen from the PXRD plots (Figure 6.1), the 
perovskite phase appears to have crystallized during the pre-annealing treatment of the 
powders and all the peaks can be seen at TA of 400 °C. 
 
 
Figure 6.6: TGA-DSC plot showing the thermal proccesses occurring at various 




6.3.5 Magnetic properties 
The magnetic properties of the samples were investigated by means of a vibrating 
sample magnetometer and the room temperature magnetization profiles are presented in 
Figure 6.7.  The hysteresis loops all show largely ferromagnetic properties with varying 
degrees of maximum magnetization.  The drop in maximum magnetization with 
increasing annealing temperature can be attributed to an increase in order in the 
magnetic sites [30].  This can also be seen from the PXRD peaks in Figure 6.1.  At TA 
400 °C, the powder is mainly composed of mixed metallic oxides the result of which is 
that higher magnetization observed.  With increasing TA, however, more of the metal 
oxides are incorporated into the perovskite lattice which gives rise to an increase in 
order of the magnetic sites and hence a reduction in maximum magnetization [31, 32].  
From the PXRD peaks of these powders, the perovskite lattice becomes fully formed at 
TA 600-700 °C.  This corresponds to powders with the lowest values for magnetization 
and also the point at which the rapid increase in coercivity begins (Figure 6.7a).  The 
coercive field values for annealed powders increased with increase in TA between 400-
600 °C, from TA of 700 °C.  However, much larger increases in the coercive field of 
powders is observed through to TA = 900 °C, which has the largest coercive field value 
of 5.50 kOe (Figure 6.7b).  The large coercive fields observed can be attributed to one, 
or a combination of the following reasons: (i) an increase in coercive field can occur 
due to an increase in crystallite sizes of materials which is related to the multi-domain 
energy barrier due to magnetic anisotropy, and (ii) the effect of exchange coupling due 
to interactions between the ferromagnetic (FM) and the antiferromagnetic 
components/phases within the powder matrix [33-37].  We believe that the latter effect 
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plays a more prominent role in producing the coercive field values observed in our 
powders.  The constriction on the loops is typical for powders containing a combination 
of hard and soft magnetic properties, which indicates that the powders contain a 
secondary magnetic phases [38].  The increase in magnetization observed from TA = 
700 °C through TA = 900 °C is attributed to the increase in the crystallite size of the 
perovskite phase (see Table 6.2).  The room temperature magnetization parameters for 
all the powders are presented in Table 6.2.  A general description of the dependence of 
the room temperature saturation magnetisation MS and coercive field HC of the powders 
with the changes in TA shows that the magnetic properties of the powders annealed at 
temperatures from 400 to 900 °C is marked by two distinct stages.  The first is the TA = 
400 to 600 °C, which is marked by a rapid reduction in maximum magnetization, and 
the second is the TA = 700 to 900 °C, which is marked by a rapid increase in the value 
of the coercive field, and these variations are shown in Figure 6.8.  An increasing 
MR/MS ratio, which corresponds to an increase in MR values, is an indication of the 





Figure 6.7: M-H loops for  samples annealed at different TA: (a) samples LaSr400-700, 
and (b) samples LaSr700-900. 
 






Table 6.2: VSM magnetization parameters for LaSr400-900 measured at room 











MS/MR Crystallite sizes/nm 
(± 1.5) 
LaSr400 7.62 0.12 29.19 0.031 19.62 
LaSr500 4.26 0.02 46.72 0.036 20.68 
LaSr600 2.68 0.03 87.88 0.059 21.68 
LaSr700 2.16 0.49 2659.0 0.265 26.65 
LaSr800 2.67 0.92 4892.7 0.360 34.71 
LaSr900 4.09 1.61 5497.3 0.405 40.56 
 
6.3.6 Microstructural characterisation 
The SEM images for the samples annealed at (a) 400, (b) 700 and (c) 900 °C are shown 
in Figure 6.9. The micrographs shows tiny spherical crystals forming at TA = 400 °C 
(Figure 6.9a) within the matrix.  These spherical crystals constitute the initial stage of 
crystal growth right after the nucleation process.  Annealing the powders at higher TA 
leads to an increase in crystal size due to incorporation of more ions into the crystals in 
the growth stage (Figure 6.9b and 6.9c) of crystal formation as can be observed in the 
images and also corroborated by the PXRD and FTIR data. The crystal sizes as 
observed in the micrographs also agree with the values calculated by using the Scherrer 




Figure 6.9: SEM images for (a) LaSr400, (b) LaSr700, and (c) LaSr900. 
6.3.7 Photoluminescence 
Figures 6.10 and 6.11 show the room temperature emission of these materials showing a 
TA dependent photoluminescence (PL) spectral intensity.  The spectra show an initial 
decrease in the PL intensity as TA changes from 400 to 600 °C for an excitation 
wavelength of 380 nm (Figure 6.10), and subsequently, an increase in intensity is 
observed for increasing TA values (Figure 6.11).  Figure 6.11 shows the PL spectra for 
powders annealed at TA values from 600 to 900 °C.  The powders were excited at three 
different λex values and the emission was monitored between 530 to 660 nm. Three 




Figure 6.10: PL spectra showing the emission peak intensities for the samples 
indicated, the excitation wavelength was 380 nm. 
 
 
Figure 6.11:  PL spectra showing shifts in the emission peak positions as excitation 
wavelength is varied. The excitation wavelengths are indicated along with the peaks (a) 




Generally, however, the peak intensities for these peaks increased for powders annealed 
at higher TA values as can be seen from Figure 6.11.  The increase in peak intensity here 
appears to reflect the corresponding increase in crystallinity and crystal size [39].  The 
origin of the initial decrease in the PL intensity, therefore, would be as a result of the 
perovskite lattice evolution and the lattice structure order-disorder effect occurring at 
various stages of the TA [40-42].  The excitation energies fall within the visible region 
which indicates that the powders can be used as photocatalysts for decomposition of 
organic materials. 
6.3.8 Photocatalytic screening 
The results of the photocatalytic screening of the powders on rhodamine B dye are 
presented in Figure 6.12.  The results (Figure 6.12a) show an increasing but slow rate of 
photodegradation of the RhB dye by LaSr400, LaSr500 and LaSr600.  According to the 
data obtained from FTIR and TGA analysis at these stages the powders still contain 
carbonates, which probably act to interfere with active photodegradation sites on the 
catalysts.  As more of the obstructing carbonates are removed, the photocatalytic 
activity increased. A more rapid decolourization rate is observed for LaSr700, LaSr800 
and LaSr900.  The highest decolourization rate was recorded for LaSr700.  This may be 
attributed to the fact that at TA = 700 °C, all interfering carbonates have already been 
removed allowing for a maximally active surface for adsorption and decolourization.  
Also, LaSr700 has the highest surface area when compared to LaSr800 and LaSr900. 
The drop in absorption between -30 and 0 minutes is due to the molecules adsorbed on 
the surface of the photocatalysts; the photodegradation starts at 0 minute when the lamp 
is switched on. Figure 6.12b shows the results of the photodegradation of the dye when 




) is added.  H2O2 without light does not degrade the dye, 
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while the dye molecules desorb faster than degrade for LaSr400 and LaSr500. Much 
more rapid decolourization rates can be seen for LaSr700, LaSr800 and LaSr900. Figure 
6.13 shows the reduction of the absorption intensity as the dye is degraded by LaSr700 
at different contact time.  
 
Figure 6.12:  Photodegradation of RhB (a) in the presence of photocatalyst and 
irradiation, and (b) in the presence of photocatalyst, light and H2O2. 
 
Figure 6.13: degradation profile of RhB dye under irradiation with visible light and in 








The photocatalytic process follows a pseudo-first-order pattern and can be described by 
the first order kinetics equation ln(C/C0) = kabst, where C0 and C are the initial 
concentration and concentration of the dye at time t, and kobs is the observed rate 
constant.  Figure 6.14 shows the kinetics plots for the most active systems as observed 
in the photocatalytic screening.  The rate constants are shown in Table 6.3. 
 
Figure 6.14: linear plots for LaSr700, LaSr800 and LaSr900 (1.5 g dm
-3
 of catalyst) in 





Table 6.3: Rate constants for the photocatalyst (1.5 g dm
-3









H2O2 only 3.7 × 10
-5
 
LaSr700 2.0 × 10
-3
 
LaSr800 1.8 × 10
-3
 
LaSr900 2.2 × 10
-3
 
LaSr700/H2O2 8.8 × 10
-3
 
LaSr800/H2O2 8.7 × 10
-3
 







The results of the carbon oxygen demand (COD) analysis of the degraded dye solution 
after 3 hours of photodegradation activity is presented in Figure 6.15.  All the dye 
solutions became colourless after 180 min. of irradiation.  It can be seen that 
mineralization is highest in the solution that has been photodegraded in the presence of 
LaSr700. The degree of mineralization in the presence of LaSr800 and LaSr900 are 
close, with COD values of 48 and 46 mg dm
-3
 respectively.  The COD values are an 
indicator that some of the dye molecules have only been broken down to smaller 
colourless organic molecules and may require longer irradiation period for complete 
mineralization. 
 
Figure 6.15: Extent of mineralization of RhB dye in the presence of photocatalyst, 







A novel rare earth perovskite-type material (La0.5Bi0.2Sr0.2Mn0.1)FeO(3-δ) has been 
synthesized and its structure, and magnetic and photocatalytic properties investigated by 
powder X-ray diffraction, Fourier transform infrared spectroscopy, thermogravimetric 
analysis, vibrating sample magnetometer and photoluminescence spectroscopy.  The 
results of the analysis show that the powders annealed at different temperatures 
crystallized in a rhomboheral lattice.  The crystallization started right from the point of 
the precalcination (i.e. 400 °C) with crystallinity increasing for higher annealing 





.  The VSM results show that the powders are weakly ferromagnetic with 
coercive fields increasing to above 5400 Oe for the powder annealed at TA = 900 °C.  
Photoluminescence spectroscopy shows that the powders absorbed within the visible 
region indicating they might be useful for visible light photodegradation of pollutant 
organic molecules.  The photocatalytic screening of the powders was tested on a 
rhodamine b dye solution.  The powders annealed at TA = 700, 800 and 900 °C were the 
most active in decolourizing the dye solution.  The materials present an opportunity for 
the utilization of sunlight as a limitless source of energy.  Its ferromagnetic properties 
mean that it can easily be recovered from the dye solution and reused. The synthesized 
materials are good candidates for photocatalytic degradation of organic dyes. 
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Novel La0.5Bi0.2Ba0.2Mn0.1FeO3-δ, with a perovskite-like structure, was synthesized by 
using the citric acid sol-gel route.  The powder was precalcined at 400 °C and then 
separate portions were annealed at temperatures of 500, 600, 700, 800 and 900 °C.  
Transmission electron microscopy and powder x-ray diffraction analysis of the powders 
showed that they contain crystalline rhombohedral perovskite-type nanoparticles.  The 




, decreasing with 
increasing annealing temperature.  Vibrating sample magnetometer analysis of the 
hysteresis loops showed an increase in coercive field with increasing annealing 
temperature.  Very large coercive fields of about 5.57 kOe were obtained for samples 
annealed at 900 °C.  Photoluminescence spectroscopy showed that all the powders were 
active in the visible region and could be useful for visible light photodegradation of 
pollutants.  The powders were all screened for photocatalytic activity against an organic 
dye (rhodamine B) in the visible region of the solar spectrum and the photocatalytic 
activities were good particularly for powders annealed at 900 °C. 





Perovskite solid-solutions are a large family of multifunctional materials that exhibit 
fascinating properties which are of interest in emerging technologies.  Solid solutions 
with multiferroic properties have received considerable attention in recent years due to 
their potential for application in various fields of advanced technologies.  They have 
been found to exhibit intriguing magnetic and electric (ferromagnetic, ferroelectric and 
ferroelastic) properties [1-6], dielectric, piezo and pyroelectric  properties [7-9], 
catalytic as well as photocatalytic properties [10-12].  Perovskite-like materials are built 
on a flexible structure which allows for easy substitution and replacement of the ions on 
either the A- or B-site, and by selecting atoms with the suitable properties, materials 
with novel properties can be produced [13, 14].  The multiferroic properties exhibited 
by BiFeO3 are due to the coupling of the electric field due to the lone pair of electrons 
on the Bi
3+
, the magnetic field due to the Fe
3+
, and the structural geometry of the FeO6 
octahedra [13, 15].  The properties of perovskite-like materials can also be influenced 
by partial replacement (doping) of either sites of the material with smaller divalent ions 
(e.g. Ca, Sr, and Ba) [16].  This doping method has been used to synthesize materials 
with required properties for applications in areas of interest.  Orthoferrites are 
perovskite-like systems in which a rare-earth (RE) metal occupies the A-site in the 
material lattice (i.e REBO3) and have also been shown to display interesting 
characteristics [17-23].  In this work, we synthesize a novel orthoferrite solid solution 
with the general formula (La0.5Bi0.2Ba0.2Mn0.1)FeO(3-δ) via a solution route with a view 
to obtaining materials with good magnetic and photocatalytic properties, and analyze 






Fe(NO3)3.9H2O (98%) (Saarchem), La2O3 (99.9%) (BDH Chemicals), Bi(NO3)3.5H2O 
(97%) (Saarchem), Ba(NO3)2 (99%) (Saarchem), Mn(CH3OO)2 (99%), K2Cr2O7 (99%), 
Ag2SO4 (99%) (Saarchem), citric acid (99.7) (BDH Chemicals), chemically pure 
concentrated H2SO4 (98%), HgSO4 (99%) and (NH4)2Fe(SO4)2.6H2O (99%) (Merck), 
ethylene glycol (99%) (Promark Chemicals), chemically pure concentrated HCl (37%) 
and HNO3 (55%)  (Promark Reagents), rhodamine B (The Coleman and Bell Co), and 
H2O2 30% vol. (100 vol) (Minema Chemicals) were used as received.  Deionized water 
from a Millipore Milli-Q Elix 5 UV water purification system was used throughout and 
is hereafter refered to as Milli-Q water. 
7.2.2 Synthesis of (La0.5Bi0.2Ba0.2Mn0.1)FeO(3-δ) 
(La0.5Bi0.2Ba0.2Mn0.1)FeO(3-δ) powders were prepared by a Pechini-type sol-gel process.  
A solution of Fe(NO3)3.9H2O was prepared by dissolving 0.03 mol of the salt in Milli-Q 
water (20 cm
3
).  La2O3 (0.0075 mol), Ba(NO3)2 (0.006 mol), Mn(CH3OO)2 (0.003 mol) 





) solution to give the amount of metals required for the stoichiometry of the 
material.  The two solutions were mixed thoroughly, made up to 200 cm
3
 by adding 
Milli-Q water and then gradually poured into a burette. The solution was then added 
(drop-wise) to a citric acid solution (400 cm
3
, 0.15 mol) in a beaker which was 
continuously being stirred by a magnetic stirrer at room temperature to form a clear 
solution. Once the addition was completed and while still stirring, the temperature of the 
mixture was raised to 90 °C and the solution continuously evaporated until the volume 
of the solution was reduced to about 50 cm
3
, ethylene glycol (100 cm
3
) was added and 
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the heating and stirring continued until a thick gel formed.  The gel was then removed 
from the beaker and placed in a crucible in an oven at 120 
o
C for 24 hrs to dry.  The dry 
gel was subsequently pre-calcined at 400 
o
C for 4 hrs to remove all organic components 
present.  Separate sample portions of the powders were subsequently annealed in a 




Transmission electron microscopy (TEM) (JEOL JEM 1010) was used to analyse the 
morphology of the crystals.  The crystal lattice structure was determined by powder X-
ray diffraction (PXRD) analysis by using a Bruker D8 Advance diffractometer equipped 
with a Cu Kα radiation source.  The crystallite sizes of the powder crystals were 
calculated by using the Scherrer equation D = Kλ/βcosθ (where D is the average 
crystallite size of the material K is the Scherrer constant, λ is the wavelength of the 
radiation and β is the full width at half maximum).  The surface areas of the synthesized 
materials were determined by nitrogen adsorption and the BET equation method by 
using a Micromeritrics Tristar II 3020 fully automated three-station surface area and 
porosity analyzer.  The magnetic properties of the powders at room temperature were 
analysed by using a Lakeshore 735 vibrating sample magnetometer (VSM) which had 
been calibrated with a standard Ni sphere for magnetization measurements.  The 
maximum applied field was 14 kOe.  Thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC) measurement were obtained for each sample by 
using a TGA/DSC thermal analyzer (TA Instruments SDT-Q600 thermal analyzer) in 
air.  The temperature range of the analysis was between 25 and 1000 °C.  A 
PerkinElmer FTIR Spectrum 100 coupled to an attenuated total reflectance accessory 
was used to collect the FTIR spectra of the samples.  The photoluminescence emission 
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spectra of the powders were monitored at 590 nm by carrying out the excitation at a 
wavelength of 390 nm by means of a PerkinElmer LS 55 spectrofluorimeter equipped 
with a high energy pulsed xenon source for excitation. 
7.2.4 Photocatalytic screening 
The photocatalytic activity of each sample was tested on rhodamine B dye in the 
presence of H2O2 at room temperature.  The irradiation was from a 26 W fluorescent 
lamp (Osram Dulux D, 26 W, 1800 lm) placed in a quartz jacket at about 7 cm above 
the dye solution.  A mass of 1.5 g dm
-3
 of the synthesized material was used first, in the 




).  The 
degradation of the RhB dye solution was monitored by using a Biochrom Libra S6 UV 
spectrophotometer at a wavelength of maximum absorbance (λmax) for RhB of 556 nm.  
A 30 min period was allowed for equilibration before the photodegradation process 
began.  The chemical oxygen demand (COD) for the degraded solution was determined 
by using the procedure described in literature [24]. 
7.3 Results and discussion 
Fine powdered samples were obtained with colour varying from brown for samples 
calcined at 400 °C, to black for samples annealed at 700 °C and above. The samples 
were labelled LaBa followed by the temperature at which the powder was annealed (e.g. 






7.3.1 Phase characterisation 
The powder X-ray diffraction (PXRD) conducted on the samples (Figure 7.1) show that 
the perovskite peaks begin to form very early at the pre-calcination stage (TA = 400 °C).  
All the perovskite peaks can be seen in the diffractogram of the sample calcined at 400 
°C with low intensities.  The formation of these peaks indicates that the nucleation and 
growth of the crystals have already begun at this temperature.  The presence of several 
other peaks, however, shows that the powder is composed mainly of mixed oxides at 
this stage.  As the annealing temperature (TA) increased, however, the intensity of the 
perovskite peaks also increased and the powder crystallizes in a single phase 
rhombohedral lattice with space group R3C at TA of 600 °C.  The absence of any 
impurity peaks at TA = 600 °C is an indication that all the ions have been incoporated 
into the perovskite lattice. The broadness of the peaks is due to the nanosize nature of 
the crystallites.  The broadness decreases as TA increases, showing that the crystallite 
sizes increase with increase in TA.  At TA of 700 °C and above, some tiny peaks 
(labelled *) begin to emerge on the diffractograms, suggesting that some form of 
distortion or phase separation may be occurring in the lattice of the powders.  We 
attribute this, coupled with the reduction in the intensities of the rhombohedral 
perovskite peaks for TA = 800 and 900 °C to phase separation occurring in the sample 
lattice and the emergence of a small amount of secondary phase in the powder lattice.  
The calculated cell parameters obtained by fitting the experimental peaks to the 
rhombohedral peaks of (La0.4Sr0.6)FeO3 (PDF 01-082-1963) using the Diffrac
plus
 
software are presented in Table 7.1.  The general trend observed from these parameters 
shows a reduction in the volume of the unit cell with increase in TA.  This could be as a 
result of stabilization of higher oxidation states for metals like iron.  As more Fe
2+




Figure 7.1: Powder X-ray diffraction peaks for La0.5(Bi0.2Ba0.2Mn0.1)FeO(3-δ) annealed 
at temperatures (TA) from 400 to 900 °C. 
Table 7.1: Lattice parameters for La0.5(Bi0.2Ba0.2Mn0.1)FeO(3-δ) annealed at different 
temperatures. 
Samples Cell parameters Space 
group 





 a/Å b/Å c/Å V/Å
3 
LaBa500 5.546 5.546 13.460 414.00 R3C Rhomb. 8.41 27.75 
LaBa600 5.492 5.492 13.232 395.99 R3C Rhomb. 7.85 20.63 
LaBa700 5.489 5.489 13.235 406.01 R3C Rhomb. 8.51 12.46 
LaBa800 5.492 5.492 13.250 399.70 R3C Rhomb. 7.99 5.91 




are converted to Fe
3+
 or even Fe
4+
, a reduction in the volume of the unit cell would be 








 conversions as 
well. 
7.3.2 Microstructural characterisation 
The TEM images of samples annealed at 400, 700 and 900 °C are shown in Figure 7.2.  
The early stages of crystal formation can be seen in Figure 7.2(a) where small crystals 
coexist with largely undifferentiated amorphous structures.  At an annealing 
temperature of 700 °C however, the crystals are fully formed and spherical shapes of 
diameter between 20 and 26 nm in agreement with the average crystallite size calculated 
from Scherrer equation can clearly be seen.  At 900 °C, however, the crystals become 
larger and dense.  This observation concurs with the decrease in the broadness of the 
peaks in PXRD with increase in temperature. 
 
Figure 7.2: TEM migrographs for: (a) the beginning of crystal formation in LaBa400, 






7.3.3 BET surface areas 
The BET specific surface area (SSA) for the samples is also displayed in Table 7.1.  The 




, with LaBa500 
having the highest SSA.  The adsorption-desorption isotherms show hysteresis, which 
indicates that the materials are porous.  Figure 7.3 shows the adsorption-desorption 
isotherms for the materials LaBa500-900.  The isotherms correspond to the type II 
isotherm on the IUPAC scale [25].  The value of the relative pressure tending towards 1 
with increasing TA indicates the disappearance of smaller pores and the predominance 
of larger ones which eventually leads to a reduction in the value of the SSA of the 
materials.  The inset in Figure 7.3 shows the reduction of the mesopores and a shift 
towards macropores and the eventual disappearance of the mesopore modal peak at a TA 
of 900 °C.  Figure 7.4 shows the relationship between the SSA of the materials and TA.  
The activation energy for the reduction of the surface area can be worked out by 
plotting the natural log of the BET specific surface area (SBET) against the inverse of the 
TA in K and fitting the plot to the Arrhenius equation [20], which is given by 
𝑙𝑛 𝑆𝐵𝐸𝑇 = 𝑙𝑛 𝐴 −
𝐸𝐴
𝑅
(1|𝑇).        (7.1) 
where SBET is the BET surface area, EA is the activation energy for surface reduction, R 




), T is the annealing temperature , and A 
is a constant. 
Figure 7.5 shows this plot and the value of the EA calculated from the slope of the graph 
is 37±5 kJ mol.
-1
.  This value is a little higher than values that have been reported for 
pure LaFeO3 (20 kJ mol
-1
 [26] and 28 kJ mol
-1
 [20]).  The difference in the values can 
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be accounted for by the doping that has been carried out on the A-site of the materials 
and the fact that a different synthesis route was used for the preparation of our materials. 
 
Figure 7.3: Adsorption-desorption isotherms for LaBa500-900. The inset shows the 
disappearance of the bi-modal mesopore peaks with increasing TA. 
 
 




Figure 7.5: Arrhenius plot of specific surface area versus inverse of annealing 
temperature for LaBa500-900 from which the activation energy for surface reduction 
was obtained. 
 
7.3.4 Thermal stability 
The thermogravimetric analysis of the pre-calcined powder is shown in Figure 7.6. A 
total loss in weight of 5.8% was observed throughout the heating range (25-1000 °C).  
The bulk of this loss in weight is concentrated between 400 and 700 °C which can be 
attributed to the decomposition of oxalates to carbonates and the subsequent 
decomposition of the carbonates to release CO2. The initial gradual drop in the weight 
of the powder from room temperature to about 200 °C can be attributed to the removal 
of small molecules such as H2O and CO2, and remnant organic molecules are burnt and 
vaporized between 200 and 390 °C. The crystallization events are, however, not 




Figure 7.6: Thermal stability of the precalcined LaBa powder between 25 and 1000 °C 
obtained in an atmosphere of air. 
 
7.3.5 Surface characterization 
Figure 7.7 shows the FTIR-ATR spectra of the powders LaBa400-900 collected at room 
temperature.  The broad peak centred at about 1400 cm
-1
 is assigned to the stretching 
and bending vibration modes from adsorbed H2O molecules on the surface of the 
powder crystals [27].  The gradual decrease in the peak intensity of this peak with 
increasing TA indicates removal of adsorbed water molecules.  It can also be an 
indicator of a decrease in the surface area of the materials with increase in TA as 
observed in the BET surface area analysis.  The broad peaks between 500 to 600 cm
-1
 
are due to the stretching vibration modes of the O–Fe–O and Fe–O bonds [28, 29].  This 
peak increases in intensity as the TA increases and confirms the formation of the 
perovskite FeO6 octahedra.  The increase in the peak intensity also indicates that more 
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of the iron is incorporated into the perovskite octahedra at higher temperature, 
suggesting a gradual increase in ordering in the perovskite lattice as TA increases. 
 
Figure 7.7: FTIR-ATR spectra of the synthesized materials LaBa400-900. 
 
7.3.6 Magnetic properties 
The room temperature magnetization curves (Figure 7.8) of the powders shows some 
weak ferromagnetic properties. The trend for the saturation magnetization (MS) and 
coercive field (HC) for powders annealed at different TA values is characterized by two 
distinct stages. The first stage is characterized by a decrease in the magnetization for 
powders annealed between TA = 400 and 700 °C, while the second is characterized by 
an increase in coercive field HC for samples annealed between TA = 700 and 900 °C. 
The first stage represents the magnetization of the powders at the point of nucleation 
and growth of the perovskite lattice.  As more ions are incorporated into the perovskite 
lattice the MS values for powders annealed at higher TA decrease until a TA = 600 °C, 
when all the ions have been incorporated into the lattice; this agrees with the 
179 
 
observation made from the PXRD results where peaks for a single phase rhombohedral 
structure can be seen.  The decrease in the value of magnetization can be attributed to an 
increase in order in the perovskite lattice [30].  The gradual increase in coercive field at 
this stage, however, can be attributed to magnetic anisotropy due to the increase in the 
size of the crystals [31, 32].  The second stage consists of powders annealed at TA = 700 
to 900 °C, the MS at this stage is relatively stable as only a slight increase is observed, 
however, a large increase in coercive field of up to 5.60 kOe is observed at this stage. 
The increase in coercive field at this stage can be attributed to a combination of 
magnetic anisotropy and exchange coupling between the ferromagnetic (FM) and the 
antiferromagnetic (AFM) phases within the powder lattice [33]. The introduction of 
Ba
2+
 into the perovskite lattice could lead to a variation in the bond lengths in the 
superlattice or the formation of oxygen vacancies.  The former would lead to a change 
in the bond angle of the superlattice, while the latter would lead to a change in valency 




). In both cases, an increase in the 
ferromagnetic character would be observed.  The AFM superexchange interactions, 




 [34, 35].  The values 
of the coercive fields show that a secondary magnetic phase might exist in the lattice of 
the powder in agreement with a similar observation made of a likely phase separation 
event at higher TA values from the PXRD results as explained earlier. Table 7.2 shows 
the magnetic parameters obtained from the room temperature magnetization of the 
powders, a general increase in the squareness MS/MR represents an increase in the 
ferromagnetic character of the powders at higher TA. Figure 7.9 shows the variation of 
MS and HC as a function of TA, the relative stabilization of the MS values at TA = 600 °C 
and the sudden jump of the HC values from 264 Oe to 4.70 kOe at TA = 700 °C also 
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corroborate the results obtained from PXRD that a pure perovskite phase was obtained 
at 600 °C. 
 
Figure 7.8: Room temperature hysteresis loops showing the magnetization profiles of 
the materials annealed at various TA. 
Table 7.2: Magnetization parameters showing the variation in saturation magnetization, 
remanent magnetization and coercive field for LaBa400-900. Crystallite sizes were 











MS/MR Crystallite sizes/nm 
(± 2) 
LaSr400 5.82 0.09 31 0.036 18.49 
LaSr500 4.38 0.07 40 0.039 19.28 
LaSr600 3.82 0.36 264 0.113 19.43 
LaSr700 3.69 1.47 4712 0.408 24.21 
LaSr800 3.80 1.45 5162 0.363 30.41 





Figure 7.9: Variation of room temperature saturation magnetization and coercive field 
with increase in annealing temperature. 
 
7.3.7 Photoluminescence 
The photoluminescence (PL) of the samples excited at 390 nm and monitored at an 
emission wavelength of 590 nm is presented in Figure 7.10.  In perovskite-like crystals, 
photoluminescence have been shown to occur at room temperature either due to the 
presence of intrinsic or extrinsic defects or the formation of trap states between the 
valence and conduction bands [36-38].  The peak intensities do not show a clear trend 
with the crystallinity of the synthesized materials as can be seen from other analytical 
methods (PXRD and FTIR).  The excitation energies, however, fall within the visible 
region of the electromagnetic energy, implying that the materials could utilize visible 




Figure 7.10: PL spectra showing the emission intensities of the LaBa powders at 590 
nm (2.11 eV) when excited at 390 nm. 
 
7.3.8 Photocatalytic screening 
The results of the photocatalytic screening of the materials on the photodegradation of 
RhB dye at room temperature are presented in Figure 7.11.  The photodegradation of the 
dye in the presence of the photocatalysts only showed small degradation rates for all the 
powders but the materials annealed at TA of between 700 and 900 °C were more active 
(Figure 7.11a).  The first 30 min. of the reactions involved the adsorption of the dye 
molecules onto the surface of the photocatalysts, most of these adsorbed molecules were 
released once the photocatalytic process began at 0 min for materials annealed at TA of  
400 to 600 °C and hence the increase in absorbance.  In the presence of H2O2, however, 
the rates of photodegradation of the dye molecules increased (Figure 7.11b).  The 
photodegradation reaction follows pseudo-first-order reaction kinetics represented by 
the equation ln(A/A0) = kobst, where A0 and A are the initial concentration and the 
concentration of the dye at time t respectively, and kobs is the observed rate constant.  
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The rate constants for the powders LaBa700-900 are shown in Table 7.3.  Figure 7.12 
shows the photodegradation profile for the RhB dye solution in the presence of 
LaBa900 and H2O2. 
 
Figure 7.11: Photodegradation profile of RhB dye solution: (a) LaBa400-900 in the 
absence of H2O2, and (b) LaBa400-900 in the presence of H2O2. 
 
 
Figure 7.12: Photodegradation profile of RhB in the presence of LaBa900 and H2O2 




Table 7.3: Observed rate constants for the photodegradation of RhB in the presence of 
1.5 g dm
-3








H2O2 4.4045 × 10
-6
 
LaBa700 7.833 × 10
-4 
LaBa800 7.26 × 10
-4 
LaBa900 2.207 × 10
-4 
LaBa700 + H2O2 8.76 × 10
-3 
LaBa800 + H2O2 8.45 × 10
-3 
LaBa900 + H2O2 9.79 × 10
-3 
 
7.3.8.1 Mineralisation of RhB dye solution 
The result of the chemical oxygen demand (COD) analysis of the photodegraded dye 
solution in the presence of LaBa700 (1.5 g dm
-3




) for 3 
hours is presented in Figure 7.13.  The gradual decrease in the value of the COD 
indicates the continous mineralization of the dye molecules, converting them to CO2 
and H2O.  Figure 7.14 shows the COD results of the mineralization of the dye molecules 
for the most active powders namely; LaBa700-900, after three hours of 
photodegradation.  The COD values appear to be very close, with the value for LaBa900 




Figure 7.13: The decrease in the values of COD for the RhB dye solution 
photodegraded in the presence of 1.5 g dm
-3





monitored for a 3 hr period. 
 
 
Figure 7.14: COD values for the RhB dye solution photodegraded in the presence of 
1.5 g dm
-3




 H2O2 after a 





7.3.8.2 Mechanism of RhB degradation 
We propose the following reaction mechanism for the entire degradation process. The 
first is the photogenaration of an electron-hole pair in the photocatalysts (PC).  The 
generated electron in the conduction band of the catalyst can then be trapped by H2O2 to 
cause the production of the radicals according to the following mechanism: 
PC + ℎ𝜈 → 𝑒− + h+         (7.2) 
H2O2 + 𝑒
− → ˙OH + OH−        (7.3) 
The h
+
 can also react with adsorbed water to generate more radicals as follows:- 
H2O + h
+ → H+ + HO•        (7.4) 
Hydroxyl radicals can also be produced via a photo-Fenton or a Fenton-like mechanism 
involving the Fe
3+
 ions in the B-site of the perovskite photocatalyst and H2O2 according 
to the following reaction: 
H2O2 +  Fe
3+ → Fe − OOH2+ + H+       (7.5) 
Fe − OOH2+ → Fe2+ + HO2
•         (7.6) 
H2O2 +  Fe
2+ → Fe3+ + 2HO•       (7.7) 
A direct hν/H2O2 interaction to produce hydroxyl radicals has been ruled out since the 
dye did not degrade under this condition.  
7.4 Conclusions 
We used a citric acid sol-gel route to synthesize a novel perovskite-like material with 
general formula (La0.5Bi0.2Ba0.2Mn0.1)FeO(3-δ).  PXRD characterization shows that the 
powders crystallized in a rhombohedral perovskite-like lattice.  The surface areas of the 
powders decreased with increasing values of TA.  The activation energy for the 
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reduction of the surface area obtained from the Arrhenius plot is 37 kJ mol
-1
.  The 
coercive field increased with increase in annealing temperature and a very high coercive 
field of 5.60 kOe was recorded for LaBa900.  The materials also show PL activities in 
the visible region of the electromagnetic spectrum, indicating that they can utilize 
visible light to function as photocatalysts.  Very good activities were recorded for the 
photocatalytic degradation of RhB dye in the presence of H2O2. In conclusion, we 
propose this material as a suitable material for use in photodegradation of toxic organic 
molecules, which include dyes and other colourless organic molecules such as phenol 
and other pharmaceutical waste which have been implicated in endocrine disruption.  
The materials are simple to prepare.  Their high coercive fields could be useful in 
making magnetic recording materials.  Their improved magnetic properties means that 
they can easily be recovered from wastewater after use by applying an external 
magnetic field. 
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Novel perovskite-type nanomaterials with the composition La0.5(Bi0.2Ca0.2Mn0.1)FeO3-δ 
were synthesized by using the citric acid sol-gel route and annealed at temperatures 
from 400 to 900 °C.  Scanning electron microscopy and powder X-ray diffraction 
analysis of the powders showed that they contain crystalline perovskite-type 
nanoparticles.  Crystallinity increased with higher annealing temperature. The lattice 
parameters, after refinement, showed that the particles crystallized in a rhombohedral 




 with an 
activation energy for surface area reduction of 41 kJ mol
-1
.  Vibrating sample 
magnetometer analysis of the hysteresis loops showed a slight increase in coercive field 
with increasing annealing temperature.  Photoluminescence spectroscopy showed that 
the powders were all active in the visible region and could be useful for visible light 
photodegradation of organic dyes. The powders were all screened for photocatalytic 
activity against an organic dye (Rhodamine B) in the visible region of the solar 
spectrum and the photocatalytic activities were good for powders annealed at 700 °C 
and above.  In addition, a mineralization of up to 70% was achieved after 3 hrs of 
photodegradation.  Therefore, these materials show good potential for the photocatalytic 
degradation of orgnic pollutants. 






Perovskite-like materials have found use in several fields of advanced technologies such 
as gas sensors [1-4], electric and magnetic materials [5-8], solid oxide fuel cells [9, 10], 
catalysis and photocatalysis [11-13].  The fascinating properties of this group of 
materials stems from the chemistry of the perovskite structure (ABO3), which is flexible 
and allows for substitution and/or replacement of the ions on either of the sites (A-site 
which normally contains a large 12-fold coordinated (cuboctahedral) cations or B-site 
which is normally a smaller 6 fold coordinated (octahedral) cation) in a variety of 
combinations.  The orthoferrites are members of the perovskite family in which the A-
site is occupied by a rare earth metal and the B site by a smaller transition metal.  They 
also display intriguing properties such as ferromagnetic and ferroelectric, pyro and 
piezoelectric [14-16], catalytic as well as photocatalytic properties [17-20].  Materials 
with novel properties can be made by introducing (doping or partial substitution on the 
A and/or B sites) ions with varied physical properties of interest into the lattice of the 
perovskite structure to impart on the material the required properties [21, 22].  The 
change in properties of doped perovskites can also arise from a change in the bond 
lengths in the lattice, the creation of defects in the lattice or the creation of oxygen 







been used for this purpose [23-26].  In this work, we use a simple citric acid route to 
synthesize a novel perovskite-like material (La0.5Bi0.2Ca0.2Mn0.1)FeO(3-δ) and analyze the 
effect of annealing temperature on the structural and magnetic properties, as well as 






Fe(NO3)3.9H2O (98%) (Saarchem), La2O3 (99.8%) (BDH Chemicals), Bi(NO3)3.5H2O 
(97%) (Saarchem), Ca(NO3)2 (99%) (Saarchem), Mn(CH3OO)2 (99%) K2Cr2O7 (99%) 
Ag2SO4 (99%) (Saarchem), citric acid (99.7%) (BDH Chemicals), chemically pure 
concentrated H2SO4 (98%), HgSO4 (99%) and (NH4)2Fe(SO4)2.6H2O (99%) (Merck), 
chemically pure concentrated HCl (37%) and HNO3 (55%)  (Promark Reagents), 
ethylene glycol (99%) (Promark Chemicals), rhodamine B (The Coleman and Bell Co), 
and H2O2 30% vol. (100 vol) (Minema Chemicals) were used as received.  Deionized 
water from a Millipore Milli-Q Elix 5 UV water purification system was used 
throughout and is hereafter referred to as Milli-Q water. 
8.2.2 Synthesis of (La0.5Bi0.2Ca0.2Mn0.1)FeO(3-δ) 
(La0.5Bi0.2Ca0.2Mn0.1)FeO(3-δ) samples was prepared by a citric acid sol-gel process.  
Fe(NO3)3.9H2O (0.03 mol) was dissolved in Milli-Q water (20.00 cm
-3
).  La2O3 (0.0075 
mol), Ca(NO3)2 (0.006 mol) Mn(CH3OO)2 (0.003 mol) and Bi(NO3)3.5H2O (0.006 mol) 
were dissolved in dilute nitric acid (about 15 cm
3
, 6 mol dm
-3
) solution to give the 
amount of metals required to fulfil the material’s stoichiometry.  The two solutions were 
mixed thoroughly, made up to 200 cm
3
 with water (Milli-Q) and then gradually poured 
into a burette.  The solution was then added (drop-wise) to a citric acid solution (400 
cm
3
, 0.15 mol) in a beaker which was continuously stirred by magnetic stirrer at room 
temperature to form a clear solution. Once the addition was completed and still stirring, 
the temperature of the mixture was raised to 90 
o
C and allowed to stand until the volume 
of the solution was reduced to about 50 cm
3
, ethylene glycol (100 cm
3
) was added and 
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the heating and stirring continued until a thick gel was formed.  The gel was then 
removed from the beaker and placed in a crucible in an oven at a temperature of 120 
o
C 
for 24 hrs to dry.  The dry gel was subsequently pre-calcined at 400 
o
C for 4 hrs to 
remove all the organic components.  Separate sample portions of the precalcined dry gel 
were subsequently annealed in a muffle furnace for 4 hrs at annealing temperatures (TA) 
of 500, 600, 700, 800 and 900 
o
C respectively.  
8.2.3 Characterisation 
Transmission electron microscopy (TEM) micrographs were collected on a JEOL JEM 
1010 instrument.  Scanning electron microscopy (SEM) data were also collected on a 
ZEISS Ultra plus field emission gun scanning electron microscope for the analysis of 
the morphology of the crystals.  The crystals lattice structures were determined by 
powder X-ray diffraction (PXRD) analysis by using a Bruker Advance D8 
diffractometer equipped with a Cu Kα radiation source.  Crystallite sizes (D) were 
calculated by using the Scherrer equation, D = kλ/βcosθ (where k is the Scherrer 
constant, λ is the wavelength of the radiation and β is the full width at half maximum).  
Specific surface areas and pore sizes were determined by nitrogen adsorption and the 
BET equation method with a Micromeritrics Tristar II 3020 fully automated three 
station surface area and porosity analyzer.  The magnetic properties were analysed by 
using a LakeShore model 735 vibrating sample magnetometer (VSM) which had been 
calibrated with a standard Ni sphere of saturation magnetization 54.7 emu g
-1
.  The 
maximum applied magnetic field was 14 kOe and analyses were done at room 
temperature.  The thermal stability of the powders were analysed on a 
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 
instrument (TA Instruments SDT-Q600 thermal analyzer).  Data were collected in air 
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for the sample between 25 and 1000 °C.  Surface characterization of the powders was 
carried out on a PerkinElmer FTIR Spectrum 100 spectrometer fitted with an attenuated 
total reflectance (ATR) accessory.  The photoluminescence spectra were monitored at 
two excitation wavelengths (390 and 400 nm) by means of a PerkinElmer LS 55 
spectrofluorimeter equipped with a high energy pulsed xenon source for excitation. 
8.2.4 Photocatalytic screening 
The photocatalytic activity of each sample was tested on Rhodamine B dye in the 
absence and presence of H2O2 at room temperature.  A 26 W fluorescent lamp (Osram 
Dulux D, 26 W, 1800 lm) placed in a quartz jacket and held at about 7 cm above the 
RhB dye solution (which was continuously being stirred with a magnetic stirrer) was 
used for the irradiation.  The system contained 1.5 g dm
-3
 of synthesized materials and 




).  A period of 30 min was allowed for equilibration in the 
dark before the lamp was turned on.  Aliquots of the dye solution were withdrawn at 
intervals of 20 min to monitor the photodegradation process by measuring the 
absorbance of the withdrawn aliquot at a λmax of 556 nm on a Biochrom Libra S6 UV 
spectrophotometer.  The extent of mineralization was also investigated by determining 
the chemical oxygen demand (COD) of the degraded solution after 180 min of 
degradation activity by means of standard method as described in the literature [27]. 
8.3 Results and discussion 
A dry brown powder of the material (La0.5Bi0.2Ca0.2Mn0.1)FeO(3-δ) was obtained after the 
precalcination process.  The colour of the powders changed gradually from brown to 
black as the annealing temperature increased.  The samples were labelled LaCa 
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followed by the temperature at which they were annealed (LaCa400, LaCa500 and 
LaCa600 for samples annealed at 400, 500 and 600 °C respectively). 
8.3.1 Crystal phase characterization 
The PXRD diffractograms for the samples prepared at annealing temperatures ( TA) of 
400-900 °C are shown in Figure 8.1. The perovskite peaks can be seen growing at TA = 
400 °C.  This indicates that the nucleation and growth of the perovskite phase may have 
started at a lower temperature. Peaks corresponding to the 100, 110, 111, 200, 210 and 
211 perovskite planes can be clearly identified in the diffractogram at TA = 400 °C, but 
the presence of other prominent peaks indicates that for this TA, the powder contains 
largely mixed oxides and probably some amorphous materials. The perovskite peak 
intensities increase for higher TA, indicating an increase in crystallinity and also an 
increase in the phase purity of the powders. The powders crystallize in a pure 
rhombohedral perovskite phase of space group R 3c at higher TA (i.e. 600 °C). The 
absence of impurity peaks indicates that the ions have all been incorporated into the 
perovskite lattice. The nanoparticulate nature of the particles leads to the broadening of 
the peaks, a reduction in the broadening of the peaks for higher TA indicates an increase 
in crystallite sizes which is confirmed by crystallite size values obtained by applying the 
Scherrer equation to the 110 planes (Table 8.1). Higher TA, is therefore, accompanied 
by an increase in phase purity, crystallinity as well as crystallite sizes. The tiny peaks 
that appear at TA = 700 and 800 °C (indicated by an *) maybe due to phase separation or 
the formation of a secondary orthorhombic perovskite phase.  Another explanation 
could be that it indicates the beginning of a phase transition from the rhombohedral to 
the orthorhombic lattice. These peaks disappear at TA 900 °C but a shoulder can now be 
observed at the 110 planes. Table 8.1 also shows the calculated lattice parameters 
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obtained by using the Diffrac
plus
 software and matching the peaks with that of 
(La0.4Sr0.6)FeO3 (PDF 01-082-1963). The cell volumes were only slightly affected by 
increasing TA.  A slight decrease was observed in the cell volume between TA = 500 and 
600 °C.  This could be attributed to a stabilization of higher oxidation states for the 
transition metals which will lead to a decrease in the ionic sizes (e.g. Fe
4+
 is smaller in 
size than Fe
3+
) of the ions.  A sudden increase in cell volume is noticed at TA = 700 °C.  
This could be the point at which the ions are maximally incorporated into the perovskite 
lattice.  The decrease in the cell volume which is observed afterwards may be as a result 
of phase separation.  
 
Figure 8.1: Powder X-ray diffractograms for the powders showing the evolution of the 




Table 8.1: Variation in cell parameters and specific surface areas for samples annealed 
between 500 and 900 °C. 











a /Å b /Å c /Å V /Å
3 
LaCa500 5.510 5.510 13.355 405.45 R3C Rhomb. 9.52 27.37 
LaCa600 5.505 5.505 13.347 404.46 R3C Rhomb. 6.01 26.82 
LaCa700 5.528 5.528 13.446 410.94 R3C Rhomb. 8.51 16.93 
LaCa800 5.507 5.507 13.428 407.29 R3C Rhomb. 8.28 8.32 
LaCa900 5.502 5.502 13.411 405.93 R3C Rhomb. 6.04 2.77 
 
8.3.2 Morphology 
Figure 8.2 shows the TEM micrographs for samples LaCa400, LaCa700 and LaCa900.  
Perovskite crystals of size range between 13 to 16 nm can be seen clearly among other 
undifferentiated amorphous substances (Figure 8.2 (a)).  This implies that the duration 
of the calcination (4 hrs) is long enough for the crystals to begin to evolve at this 
temperature.  At 700 °C, the crystals have grown in size and are more spherical or 
cylindrical in shape (Figure 8.2 (b)).  The crystallite sizes observed at this stage range 
between 17 and 25 nm.  At 900 °C the crystals become even bigger and opaque due to 
increased density (Figure 8.2 (c)).  At this stage the powder consists more of large 
aggregates of crystals with widely varied crystal sizes.  Figure 8.3 displays SEM 
micrographs of crystals of LaCa600, LaCa700 and LaCa900.  The increase in crystallite 




Figure 8.2: TEM images for (a) LaCa400, (b) LaCa700 and (c) LaCa900 showing the 
increase in crystallite size as TA increases. 
 
Figure 8.3: Scanning electron microscopy micrographs for (a) LaCa600, (b) LaCa700 
and (c) LaCa900. 
 
8.3.3 BET surface areas 
Figure 8.4 shows the nitrogen adsorption-desorption isotherms for the powders.  The 
isotherms conform to the type II isotherm on the IUPAC scale [28].  The BET specific 




 (Table 8.1) and decrease as TA is 
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increased.  Figure 8.5 shows the decreasing specific surface area as TA increases.  The 
hysteresis loop is pushed much closer to 1 at higher TA indicating a preponderance of 
macropores at higher TA.  The inset in Figure 8.4 shows the pore size distribution of the 
powders.  The pores are mostly mesopores at low TA value.  The sharpness of the peaks 
indicates a sort of uniformity or a narrow pore size distribution in the powders. As the 
TA increases, however, the pore area drops rapidly and shifts towards larger pore sizes 
in agreement with the adsorption-desorption hysteresis loop until it finally disappears at 
TA = 900 °C.  The decrease in the mesopore areas, and the increase in particle sizes, is 
responsible for the decrease in the values of the specific surface areas of the powders.  
Figure 8.6 shows the Arrhenius fit for the relationship between the natural log of the 
BET specific surface area (ln SBET) and the reciprocal of the TA (K
-1
) given by 
𝑙𝑛 𝑆𝐵𝐸𝑇 = 𝑙𝑛 𝐴 −
𝐸𝐴
𝑅
(1|𝑇).        (8.1) 
where SBET is the BET specific surface area, EA is the activation energy for surface 




), T is the annealing 
temperature, and A is a constant.  The calculated value for the EA from the slope of the 
graph is 41±12 kJ mol
-1
.  This value is much higher than values reported for pure 
LaFeO3 (between 20 kJ mol
-1
 [29] and 28 kJ mol
-1
 [30]).  This higher value for EA may 
be as a result of the substitutions that have been made in the LaFeO3 lattice as well as 





Figure 8.4: Adsorption-desorption isotherms for LaCa500-900. The hysteresis loop 
moves towards higher relative pressure as the annealing temperature increases. The 
inset shows plots of the pore size distribution for LaCa500-900 showing the decrease in 
the mesoporous peak area as the annealing temperature increases. 
 





Figure 8.6: Arrhenius plot for LaCa500-900 from which the activation energy for 
surface reduction was obtained. 
 
8.3.4 Surface characterization 
Figure 8.7 shows the Fourier transform infrared spectra of the samples collected 
between wavelengths 380 and 4000 cm
-1
.  The spectra show two important peaks, one at 
about 1400 cm
-1
 and the other at around 600 cm
-1
.  The peak at 1400 cm
-1
 is assigned to 
stretching vibrations of OH groups from water molecules adsorbed on the surface of the 
crystals.  The intensity of this peak decreases as TA increases, indicating the removal of 
the water molecules at the surface of the material.  It could also be an indication of a 
reduction in surface area as TA increases.  The peak at 600 cm
-1
 is assigned to stretching 
modes for O-Fe-O bonds.  This is an indication of the progress of the formation of the 




Figure 8.7: Fourier transform infrared spectra for LaCa400-900 showing the reduction 
in peak intensity at 1400 cm
-1
 and an increase in peak intensity at 600 cm
-1
 with increase 
in annealing temperature. 
 
8.3.5 Thermal stability 
The TGA-DSC results for LaCa400 are shown in Figure 8.8 with thermal 
decomposition occurring in two different stages. The first stage, which involves the 
decomposition proceeding gradually between the range 25-380 °C, represents loss of 
small adsorbed molecules like H2O and CO2. The sharp drop in weight between 380-
650 °C is attributed to the decomposition of oxalates to carbonates and the subsequent 
decomposition of the carbonate and other organic materials present. The powder 
appears to stabilize thereafter with no further loss of weight.  The crystallization process 





Figure 8.8: Thermal stability of the pre-calcined LaCa400 powder between 25 and 
1000 °C obtained in air. 
 
8.3.6 Magnetic properties 
Perovskite solid solution ferrites have been reported to have antiferromagnetic 
properties due to the formation of bond overlaps between Fe ions and the p orbitals of 













).  The  introduction of an M
2+
 ion into the lattice would lead to a 
distortion in the bond angle of the Fe–O–Fe.  Furthermore, the introduction of Ca
2+
 into 
the lattice would either lead to the formation of Fe
4+
 in order to fulfill the requirements 
of charge compensation or result in the creation of oxygen vacancies and these 
contribute to the ferromagnetic characteristics [31-34].  The result of the room 
temperature (RT) magnetization measurements of the powders is presented in Figure 
8.9.  The highest magnetization of 7.67 emu g
-1
 was obtained for LaCa400.  A general 
decrease in magnetization is observed for powders annealed at higher TA.  This decrease 
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in MS corresponds to the increase in crystallinity as can be seen from the PXRD (Figure 
8.1).  At TA = 400 °C, the powders are composed mainly of mixed oxides.  As the TA is 
increased, more ions are incorporated into the perovskite lattice and Fe
2+
 ions are 
oxidized to Fe
3+





 superexchange which results in a reduction in the 
value of MS as TA increased.  The reverse, however, is the case for values of the 
coercive fields.  The coercive field values increase for powders annealed at higher TA 
(Table 8.2). Figure 8.10 shows the dependence of MS and HC on the TA. The increase in 
HC can be attributed to the increase in sizes of the crystals and is related to the 
magnetocrystalline anisotropy [35], as the crystallite sizes increased with TA. The 
squareness values (MR/Ms) all remain low, indicating soft magnetic properties and do 
not show any discernible variation with the changing TA.  
 
Figure 8.9: Magnetization hysteresis loops for (a) decreasing saturation magnetization 
for powders annealed at temperatures between 400 and 700 °C, and (b) powders 




Figure 8.10: Variation of MS and HC with increasing TA for LaCa400-900. 
 
Table 8.2: Magnetization parameters for LaCa400-900. Crystallite sizes were 











MR/MS Crystallite sizes/nm 
(± 2) 
LaCa400 7.70 0.27 29.56 0.049 15.99 
LaCa500 5.64 0.23 40.59 0.061 16.52 
LaCa600 3.00 0.06 56.02 0.064 17.69 
LaCa700 1.20 0.02 135.08 0.053 22.35 
LaCa800 1.11 0.03 159.11 0.025 31.84 
LaCa900 1.19 0.003 263.87 0.054 37.91 
 
8.3.7 Photoluminescence 
Figure 8.11 shows the room temperature emission of the powders LaCa400-600 
showing a TA dependent photoluminescence (PL) spectral intensity.  The spectra show 
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an initial decrease in the PL intensity as TA increases from 400 to 600 °C for an 
excitation wavelength (λex) of either 390 or 400 nm.  Two peaks, each, shifting 
correspondingly with the excitation wavelength were obtained with the emissions 
excited at 390 nm having the higher intensity.  The decrease in the PL peak intensities 
here appear to reflect the increase in order as observed from the magnetization 
measurements as well as the PXRD patterns.  The peak intensities then begin to increase 
as TA increases (Figure 8.12).  Figure 8.12 shows the PL spectra for powders annealed 
at TA values from 600 to 900 °C.  The powders were excited at 390 and 400 nm as is the 
case for Figure 8.11 and the emissions were monitored between 530 to 660 nm. Two 
emission peaks are observed with λem shifting correspondingly with the shift in λex.  
These increases in intensity appear to correspond to the increase in crystallinity as can 
also be observed from the PXRD peaks. 
 
Figure 8.11: PL spectra showing the shifting emission peak intensities for the samples 
LaCa400, LaCa500 and LaCa600 which decrease with increasing TA.  The excitation 
and emission wavelengths are (a) λex = 390 nm and λem = 589, and (b) λex = 400 nm and 




Figure 8.12: PL spectra showing shifts in the emission peak positions as the excitation 
wavelength is varied. The excitation and emission wavelengths are as follows (a) λex = 
390 nm and λem = 589, and (b) λex = 400 nm and λem = 603 nm. 
 
8.3.8 Photocatalytic screening 
The results of the photocatalytic screening of LaCa400-900 on RhB dye are shown in 
Figure 8.13.  The results show only slight activity for LaCa700, LaCa800 and LaCa900 
in the absence of H2O2, while LaCa400, LaCa500 and LaCa600 appear not to have a 
significant effect on the dye solution Figure 8.13a.  In the presence of H2O2, however, a 
significant impact is noticed in the photocatalytic activities of the powders LaCa600, 
LaCa700, LaCa800 and LaCa900 with the later three being the most active (Figure 
8.13(b)).  Organic and amorphous materials blocking the dye molecules from reaching 
the surface of the photocatalysts may explain the reason for the low or inactivity of 
powders annealed at lower TA (400-600 °C see Section 8.3.5).  The powders annealed at 
TA between 700 and 900 °C, however, do not have such barriers and therefore were able 
to degrade the dye solution faster.  Figure 8.14 shows the pseudo first-order kinetics of 
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the photocatalytic processes and the values of the observed rate constants and the 
calculated percent efficiency (E/%) (given by E% = (((A0 - A)/A0) × 100) where A0 and 
A are the initial and final absorbance of the dye solution respectively) are shown in 
Table 8.3.  The LaCa700-900/H2O2 systems showed very high efficiency in 
decolourizing the RhB dye solution, suggesting that the materials are excellent 
photocatalysis. 
 
Figure 8.13: Photodegradation of RhB when irradiated with visible light for the 
photocatalysts LaCa400-900 (1.5 g dm
-1
) (a) in the absence of H2O2, and (b) in the 









Figure 8.14: Pseudo-first-order rates for the degradation of RhB in the presence of 1.5 g 
dm
-3






Table 8.3: Observed kinetics parameters for the photodegradation of RhB by 1.5 g dm
-3
 








H2O2 4.4 × 10
-6
 0 
LaCa700 1.4 × 10
-3 42.9 
LaCa800 1.1 × 10
-3 39.8 
LaCa900 2.1 × 10
-3 47.2 
LaCa700 + H2O2 8.0 × 10
-3 79.6 
LaCa800 + H2O2 1.2 × 10
-2 89.2 
LaCa900 + H2O2 1.4 × 10
-2 99.1 
 
8.3.8.1 Mineralisation of the RhB dye 
Figure 8.15 shows the results for the chemical oxygen demand (COD) analysis of the 
dye solution over a period of 180 min of photodegradation activity in the presence of 
LaCa900 (1.5 g dm
-1




).  A gradual decrease in the value 
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of the COD of the dye solution shows that the dye is being effectively mineralized.  
Figure 8.16 shows the COD results of the mineralisation of the dye solution by 
LaCa700, LaCa800 and LaCa900 after 180 min of phocatalytic activity.  The COD 
values obtained are 52, 48 and 36 mg dm
-3
 for LaCa700, LaCa800 and LaCa900, which 
represents an efficiency of 56.67, 60.00 and 70% mineralisation respectively. This 
shows that the photocatalyst can be used to effectively degrade organic pollutants and 
convert them into harmless substances like CO2 and H2O. 
 
Figure 8.15: The carbon oxygen demand (COD) analyses at intervals of 1 hour for 
three hours for LaCa900. 
 
 
Figure 8.16: Analysis of the chemical oxygen demand (COD) for LaCa700, LaCa800 
and LaCa900 after a period of 3 hours of photodegradation. The mineralization 
efficiency is 56.67, 60 and 70% respectively.  
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8.3.8.2 Mechanism of the photodegradation process 
The photodegradation of RhB dye solution in this work is driven by the generation of 
hydroxyl radical. We propose the following mechanism for the generation of the 
hydroxyl radicals and the subsequent photodegradation processes of the dye solution. 
The electron-hole pair is generated in the photocalyst (PC) material. 
PC + ℎ𝜈 → 𝑒− + h+         (8.2) 
Generated electrons in the conduction band are then trapped by H2O2 to produce the 
hydroxyl radicals: 
H2O2 + 𝑒
− → ˙OH + OH−        (8.3) 
More radicals are generated from a reaction between the hole h
+
 and the adsorbed H2O 
molecules: 
H2O + h
+ → H+ + ˙OH        (8.4) 
A Fenton-like mechanism involving the Fe
3+
 ions in the B-site of the perovskite lattice 
and H2O2 can also produce more hydroxyl radicals: 
H2O2 +  Fe
3+ → Fe − OOH2+ + H+       (8.5) 
Fe–OOH2+ → Fe2+ + HO2
•         (8.6) 
H2O2 +  Fe
2+ → Fe3+ + 2HO•       (8.7) 
The degradation process then proceeds as follows: 
RhB + HO• → RhB•         (8.8) 
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RhB• → R• → smaller organic molecules + CO2 + H2    (8.9) 
leading to complete mineralization of the rhodamine B dye. 
8.4 Conclusions 
Perovskite-like (La0.5Bi0.2Ca0.2Mn0.1)FeO(3-δ) powders of crystallite size range from 
15.98 to 37.91 nm were synthesized via a citric acid route.  The PXRD results show that 
the powders crystallized in a rhombohedral lattice with crystallite sizes increasing with 
TA.  The BET specific surface areas decreased with increase in TA.  The activation 
energy for the reduction of the material surface calculated from the Arrhenius plot is 41 
kJ mol
-1
.  The saturation magnetization decreased gradually as TA increased.  The 
materials also showed good photoluminescence activities within the visible region of 
the electromagnetic spectrum.  The powders annealed at 700, 800 and 900 °C showed 
slight photocatalytic activities for RhB degradation, but the activities were drastically 
improved by addition of H2O2 and up to 99% decolourization of RhB was achieved for 
LaCa900 and 70 % mineralization after 3 hours of exposure to visible light.  The author 
recommends these materials for use in degrading toxic organic dyes and pharmaceutical 
waste. They are easy to prepare and are capable of achieving a higher degree of 
mineralization of organic molecules. 
Acknowledgements 
IA is grateful to the College of Agriculture, Engineering and Science at the University 
of KwaZulu-Natal for the award of a PhD bursary and a Doctoral Scholarship. The 
vibrating sample magnetometer used in this work was provided by the National 




[1] N. Toan, S. Saukko, V. Lantto, N.S. Hieu, Physica Scripta 2004 (2004) 167. 
[2] V. Lantto, S. Saukko, N. Toan, L. Reyes, C. Granqvist, Journal of 
Electroceramics 13 (2004) 721-726. 
[3] T.G. Ho, T.D. Ha, Q.N. Pham, H.T. Giang, T.A.T. Do, N.T. Nguyen, Advances 
in Natural Sciences: Nanoscience and Nanotechnology 2 (2011) 015012. 
[4] J.W. Fergus, Sensors and Actuators B: Chemical 123 (2007) 1169-1179. 
[5] Z. Zhou, L. Guo, H. Yang, Q. Liu, F. Ye, Journal of Alloys and Compounds 583 
(2014) 21-31. 
[6] K. Sardar, J. Hong, G. Catalan, P.K. Biswas, M.R. Lees, R.I. Walton, J.F. Scott, 
S.A. Redfern, Journal of Physics: Condensed Matter 24 (2012) 8. 
[7] H. Lahmar, S. Habouti, C.-H. Solterbeck, M. Dietze, M. Es-Souni, Journal of 
Applied Physics 107 (2010) 8. 
[8] A. Lahmar, K. Zhao, S. Habouti, M. Dietze, C.-H. Solterbeck, M. Es-Souni, 
Solid State Ionics 202 (2011) 1-5. 
[9] S.J. Skinner, International Journal of Inorganic Materials 3 (2001) 113-121. 
[10] E. Maguire, B. Gharbage, F. Marques, J. Labrincha, Solid State Ionics 127 
(2000) 329-335. 
[11] S. Rousseau, S. Loridant, P. Delichere, A. Boreave, J.P. Deloume, P. Vernoux, 
Applied Catalysis B: Environmental 88 (2009) 438-447. 
[12] W. Luo, L. Zhu, N. Wang, H. Tang, M. Cao, Y. She, Environmental Science & 
Technology 44 (2010) 1786-1791. 
[13] C.-C. Hu, Y.-L. Lee, H. Teng, Journal of Materials Chemistry 21 (2011) 3824-
3830. 
[14] M.D. Peel, S.E. Ashbrook, P. Lightfoot, Inorganic Chemistry 52 (2013) 8872-
8880. 
[15] D.S. Paik, S.E. Park, T.R. Shrout, W. Hackenberger, Journal of Materials 
Science 34 (1999) 469-473. 
[16] V. Bedekar, O.D. Jayakumar, J. Manjanna, A.K. Tyagi, Materials Letters 62 
(2008) 3793-3795. 
[17] H. Yang, J.X. Zhang, G.J. Lin, T. Xian, J.L. Jiang, Advanced Powder 
Technology 24 (2013) 242-245. 
[18] X. Li, Z.-Q. Duan, Materials Letters 89 (2012) 262-265. 
[19] L. Li, X. Wang, Y. Zhang, Materials Research Bulletin 50 (2014) 18-22. 
[20] L. Li, X. Wang, Y. Lan, W. Gu, S. Zhang, Industrial & Engineering Chemistry 
Research 52 (2013) 9130-9136. 
[21] J. Van Den Brink, D.I. Khomskii, Journal of Physics: Condensed Matter 20 
(2008) 12. 
[22] D.I. Khomskii, Journal of Magnetism and Magnetic Materials 306 (2006) 1-8. 
[23] J. Yang, W. Yelon, W. James, Z. Chu, M. Kornecki, Y. Xie, X. Zhou, H. 
Anderson, A.G. Joshi, S. Malik, Physical Review B 66 (2002) 184415-184423. 
[24] K. Takahashi, M. Tonouchi, Journal of Magnetism and Magnetic Materials 310 
(2007) 1174-1176. 
[25] J. Li, X. Kou, Y. Qin, H. He, Physica Status Solidi (a) 191 (2002) 255-259. 




[27] I. Williams, Wiley, 1 ed., John Wiley & Son, Ltd, UK, 2001, p. 276-279. 
[28] K. Sing, D. Everett, R. Haul, L. Moscou, R. Pierotti, J. Rouquerol, T. 
Siemieniewska, Pure and Applied Chemistry 54 (1982) 603-619. 
[29] R. Andoulsi, K. Horchani-Naifer, M. Férid, Cerâmica 58 (2012) 126-130. 
[30] R. Köferstein, L. Jäger, S.G. Ebbinghaus, Solid State Ionics 249–250 (2013) 1-5. 
[31] L. Wang, D. Wang, H. Huang, Z. Han, Q. Cao, B. Gu, Y. Du, Journal of Alloys 
and Compounds 469 (2009) 1-3. 
[32] Y.-Q. Liang, N.-l. Di, Z.-h. Cheng, Physical Review B 72 (2005) 134416. 
[33] M. Li, M. Ning, Y. Ma, Q. Wu, C. Ong, Journal of Physics D: Applied Physics 
40 (2007) 1603-1607. 
[34] V. Khomchenko, D. Kiselev, J. Vieira, L. Jian, A. Kholkin, A. Lopes, Y. 
Pogorelov, J. Araujo, M. Maglione, Journal of Applied Physics 103 (2008) 024105-
024110. 






Summary and conclusions 
9.1 Summary 
In summary, we have investigated the effect of synthesis route and annealing 
temperature on the magnetic and photocatalytic properties of hematite and some novel 
perovskite-like solid solutions.  The characterization and analysis of these properties 
was carried out by using standard chemical methods of analysis as well as 
instrumentation which allowed us to describe the variation in the material properties as 
the synthesis route and annealing temperatures were varied. 
In Chapter 3, we investigated the effect of synthesis method on the structure and 
magnetic and photocatalytic properties of α-Fe2O3.  We synthesized α-Fe2O3 
nanoparticles via three different wet chemical routes namely: coprecipitation, citric acid 
sol-gel route, and a sol-gel route, in Tween 20 and analysed their crystallite sizes and 
morphology, surface area, magnetic properties as well photocatalytic activities on the 
degradation of RhB. Tween 20, was able to produce α-Fe2O3 nanoparticle with 
crystallite sizes below 20 nm with improved magnetic properties. A saturation 
magnetisation of up to 19 emu g
-1
 was obtained for the Hem_TW400 which gradually 
reduced as annealing temperature was increased and crystallite sizes increased. 
Hem_TW400 also presented the highest activities in the photodegradation of RhB 
indicating that the synthetic medium (Tween 20, a polysorbate surfactant), can be a very 
good additive to the precursor solution in a Pechini type sol-gel synthesis of α-Fe2O3 in 




In Chapter 4, we synthesized novel perovskite-type materials with a general formula 
(Nd0.5Bi0.2X0.2Mn0.1)FeO3-δ, where X = Ca, Sr and Ba, by using a simple citric acid sol-
gel method.  The powders were precalcined at 400 °C and annealed at 750 and 900 °C 
in a muffle furnace for four hours.  PXRD analysis showed that all the samples 
crystallized in an orthorhombic lattice with crystallinity increasing as annealing 
temperature increased.  Crystallite sizes calculated by using the Scherrer equation also 
increased as annealing temperature increased.  The BET surface area analysis showed a 
decrease in specific surface area as annealing temperature increased.  The room 
temperature magnetisation hysteresis loops revealed high coercive fields for powders 
annealed at 750 and 900 °C for Sr and Ba substituted samples (up to 5.24 and 5.58 Oe 
for Sr- and Ba- substituted powders respectively) while the Ca substituted sample 
showed a predominance of antiferromagnetic properties.  
57
Fe room temperature 
Mössbauer spectra were fitted with two sextet subspectra revealing the presence of two 
different Fe
3+
 environments, and also that the magnetism in the powders originates from 
the distortion of the bond angle of the O-Fe-O superexchange and therefore depends on 
the size of the substituent (i.e. Ca, Sr and Ba).  The photoluminescence excitation 
energies fall within the visible region of the electromagnetic spectrum.  The 
photocatalytic activities of the powders in the presence of H2O2 show that the powders 
function as good photocatalysts for the degradation of dyes in the visible light range 
over a wide range of pH conditions.  The Ca- and Sr- substituted powders exhibited 




In Chapter 5, we synthesized novel perovskite-type materials with a general formula 
(Eu0.5Bi0.2X0.2Mn0.1)FeO3-δ, where X = Ca, Sr and Ba, by using a simple citric acid sol-
gel method.  The powders were precalcined at 400 °C and annealed at 600, 700, 800 and 
900 °C in a muffle furnace for four hours.  PXRD analysis showed that all the samples 
crystallized in an orthorhombic lattice with crystallinity increasing as annealing 
temperature increased.  The Sr- and Ba- substituted powders required a higher 
temperature for the orthorhombic peaks to fully form.  Crystallite sizes calculated by 
using the Scherrer equation also increased as annealing temperature increased.  The 
BET surface area analysis showed a decrease in specific surface area as annealing 
temperature increased.  The room temperature magnetisation hysteresis loops revealed 
an increasing coercive field as the annealing temperature increased.  A very high 
coercive field was recorded for powders annealed at 800 and 900 °C for Sr- and Ba- 
substituted samples (up to 5.78 and 5.05 Oe for Sr- and Ba- substituted powders 
respectively) while the Ca-substituted sample showed a predominance of 
antiferromagnetic properties.  The photoluminescence excitation energies fall within the 
visible region of the electromagnetic spectrum.  The photocatalytic activities of the 
powders in the presence of H2O2 showed that the powders function as good 
photocatalysts for the degradation of dyes in the visible light range over a wide range of 
pH conditions.  The Ca- and Sr-substituted powders exhibited very good catalytic 
activity towards photodegradation and mineralisation of the model dye, RhB. 
In Chapter 6, we synthesized novel perovskite-type materials with a general formula 
(La0.5Bi0.2Sr0.2Mn0.1)FeO3-δ, by using a simple citric acid sol-gel method.  The powders 
were precalcined at 400 °C and annealed at 500, 600, 700, 800 and 900 °C in a muffle 
furnace for four hours.  PXRD analysis showed that all the samples crystallized in an 
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rhombohedral lattice with crystallinity increasing as annealing temperature increased.  
Crystallite sizes calculated by using the Scherrer equation also increased as annealing 
temperature increased (crystallite size range was 19.62 to 40.56 nm).  The BET surface 
area analysis showed a decrease in specific surface area as annealing temperature 




).  The activation energy for the reduction 
of surface area obtained from an Arrhenius plot is 43±7 kJ mol
-1
.  Cell parameters, 
however, were not drastically affected but a slight decrease due to stabilization of higher 
oxidation states was observed.  The room temperature magnetisation hysteresis loops 
reveal two distinct stages.  One characterized by a decrease in saturation magnetisation 
(between TA = 400 and 600 °C), and the other by drastic increase in the coercive field.  
A very high coercive field was recorded for powders annealed at 800 and 900 °C (4.89 
and 5.50 Oe respectively).  The photoluminescence excitation energies fall within the 
visible region of the electromagnetic spectrum and showed a trend in two directions.  
The first, a decrease in intensity for LaSr400-600, and then an increase in intensity from 
LaSr600 to LaSr900.  We have attributed the first stage to the ordering of the sites in the 
perovskite structure and the second to a subsequent increase in crystallinity of the 
lattice.  The photocatalytic activities of the powders in the presence of H2O2 showed 
that the powders function as good photocatalysts for the degradation of dyes in the 
visible light range over a wide range of pH conditions.  The powders annealed at 700 °C 
and above exhibited very good catalytic activities towards photodegradation and 
mineralisation of the model dye, RhB. 
In Chapter 7, we synthesized novel perovskite-type materials with a general formula 
(La0.5Bi0.2Ba0.2Mn0.1)FeO3-δ, by using citric acid sol-gel method.  The powders were 
precalcined at 400 °C and annealed at 500, 600, 700, 800 and 900 °C in a muffle 
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furnace for four hours.  PXRD analysis showed that all the samples crystallized in an 
rhombohedral lattice with crystallinity increasing as annealing temperature increased.  
Crystallite sizes calculated by using the Scherrer equation also increased as annealing 
temperature increased (crystallite size range was 18.49 to 32.42 nm).  The BET surface 
area analysis showed a decrease in specific surface area as annealing temperature 




).  The activation energy for the reduction 
of surface area obtained from an Arrhenius plot is 37±7 kJ mol
-1
.  Cell parameters, 
however, were not drastically affected but a slight decrease due to stabilization of higher 
oxidation states was observed.  The room temperature magnetisation hysteresis loops 
revealed an increasing coercive field as the annealing temperature increases.  A very 
high coercive field was recorded for powders annealed at 800 and 900 °C (5.16 and 5.60 
Oe respectively).  The photoluminescence excitation energies fall within the visible 
region of the electromagnetic spectrum but showed no discernible trend.  The 
photocatalytic activities of the powders in the presence of H2O2 showed that the 
powders function as good photocatalysts for the degradation of dyes in the visible light 
range over a wide range of pH conditions.  The powders annealed at 700 °C and above 
exhibited very good catalytic activities towards photodegradation and mineralisation  of 
the model dye, RhB. 
In Chapter 8, we synthesized novel perovskite-type materials with a general formula 
(La0.5Bi0.2Ca0.2Mn0.1)FeO3-δ, by using a simple citric acid sol-gel method.  The powders 
were precalcined at 400 °C and annealed at 500, 600, 700, 800 and 900 °C in a muffle 
furnace for four hours.  PXRD analysis showed that all the samples crystallized in a 
rhombohedral lattice with crystallinity increasing as annealing temperature increased.  
Crystallite sizes calculated by using the Scherrer equation also increased as annealing 
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temperature increased (crystallite size range was 19.62 to 40.56 nm).  The BET surface 
area analysis showed a decrease in specific surface area as annealing temperature 




).  The activation energy for the 
reduction of surface area obtained from an Arrhenius plot is 41±12 kJ mol
-1
.  Cell 
parameters were not drastically affected, a general slight decrease due to stabilization of 
higher oxidation states was observed with the exception of LaCa700 where an increase 
in the cell volume was observed.  The room temperature magnetisation hysteresis loops 
reveal two distinct stages.  one characterized by a decrease in saturation magnetisation 
(between TA = 400 and 600 °C), and the other by a gradual increase in the coercive field 
which is as a result of magnetic anisotropy due to crystallite size increase.  The 
photoluminescence excitation energies fall within the visible region of the 
electromagnetic spectrum and showed a trend in two directions.  The first, a decrease in 
intensity for LaCa400-600, and then an increase in intensity from LaCa600 to LaCa900.  
We have attributed the first stage to the ordering of the sites in the perovskite structure 
and the second to a subsequent increase in crystallinity of the lattice.  The photocatalytic 
activities of the powders in the presence of H2O2 showed that the powders function as 
good photocatalysts for the degradation of dyes in the visible light range over a wide 
range of pH conditions.  The powders annealed at 700 °C and above exhibited very 
good catalytic activities towards photodegradation and mineralisation of the model dye, 






 The properties of the synthesized materials depend on the route via which the 
material was prepared.  The medium in which the synthesis takes place is also vital 
in determining such properties as surface area, crystallite size, magnetic as well as 
photocatlytic properties.  α-Fe2O3 nanoparticles synthesized via a sol-gel type route 
in Tween20 (polysorbate surfactant) had a higher surface area, smaller crystallite 
sizes, improved magnetic as well as photocatalytic properties for RhB 
photodegradation.  We propose Tween20 as a good additive to the precursor 
solution in a Pechini type sol-gel synthesis of α-Fe2O3 in order to effectively impact 
on the properties of the synthesized powders. 
 Perovskite-type solid solutions with the general formula ((RE0.5Bi0.2X0.2Mn0.1)FeO3-
δ (where RE = La, Nd and Eu, X = Ca, Sr and Ba) can easily be synthesized via a 
simple citric acid sol-gel method.  The perovskite crystal peaks for the La based 
materials were observed to form at a much lower temperature compared to those of 
Nd and Eu. This implies that higher annealing temperatures may be required for the 
perovskite peaks to form for RE with higher atomic mass. 
 The prepared materials all showed improved magnetic properties relative to the 
weak ferromagnetic properties usually associated with perovskites-like materials.  
The Ca-substituted materials were an exception to this as all the Ca-substituted 
materials showed a paramagnetic or a predominance of an antiferromagnetic 
character.  The high coercive fields observed for the materials annealed at high 




 The materials showed very good photocatalytic properties in the degradation of RhB 
dye solution.  Degradation efficiency of up to 99% were sometimes recorded.  The 
same applies to the mineralization efficiencies (where up to 80 % efficiency has 
been observed).  The trend in the photocatalytic efficiency in terms of the alkaline 
earth metal substitution as observed for all the synthesized perovskite-like materials 
is in the order Ca > Sr > Ba.  The Sr- and Ba-substituted powders, however, have 
the advantage of the improved magnetic properties, which means they can easily be 
recovered from the dye solution after use by applying an external magnetic field. 
9.3 Further work 
 A more detailed analysis of the structural make-up of the materials is required in 
order to determine the actual types of cells, supercells and phases that are present in 
the structure.  Neutron diffraction can be used to do a more thorough analysis on the 
structure as well as the source of the magnetism in the materials. 
 The potential of these materials for use as solid oxide fuel cells (SOFC), as cathode 















Figure 2: Powder X-ray diffractograms for Hem_TW400-600. 
 
 





Figure 4: Magnetization hysteresis loop for Hem_SG400-600. 
 
 





Figure 6: Magnetization hysteresis loop for Hem_PR400-600. 
 
 
Figure 7: High resolution transmission electron microscopy for Hem_SG400 showing 




Figure 8: High resolution transmission electron microscopy for Hem_TW400 showing 
the lattice fringes of the crystals. 
 
Figure 9: High resolution transmission electron microscopy for Hem_PR400 showing 





Figure 10: Adsorption-desorption isotherms the hematite powders calcined at 400 °C. 
 








Figure 12: Photodegradation profile for RhB dye degradation by NdBa400-900 (1.5 g 
dm
-3







Figure 13: Photodegradation profile for RhB dye degradation by NdSr400-900 (1.5 g 
dm
-3












Figure 14: Photodegradation profile for RhB dye degradation by NdCa400-900 (1.5 g 
dm
-3









Figure 15: Photodegradation profile for RhB dye degradation by 1.5 g dm
-3
 each of 










Figure 16: Photodegradation profile for RhB dye degradation by H2O2 only and 1.5 g 
dm
-3










Figure 17: Photodegradation profile showing the effect of NdBa900 loading on the 




 H2O2 and at the natural 





Figure 18: Pseudo first-order plots for the photodegradation profile showing the effect 





 and at the natural pH of the dye solution. 
 
 
Figure 19: Photodegradation profile showing the effect of NdSr900 loading of the 




 H2O2 and at natural pH 





Figure 20: Pseudo first-order plots for the photodegradation profile showing the effect 









Figure 21: Photodegradation profile showing the effect of NdCa900 loading of the 




 H2O2 and at natural pH 






Figure 22: Pseudo first-order plots for the photodegradation profile showing the effect 











Figure 23: The Effect of H2O2 concentration on the rate of photodegradation of RhB 
dye solution in the presence of NdBa900 (1.5 g dm
-3
), varying concebtrations of H2O2 






Figure 24: Pseudo first-order plots showing the effect of H2O2 concentration on the rate 
of photodegradation of RhB dye solution in the presence of NdBa900 (1.5 g dm
-3
), 





Figure 25: The effect of H2O2 concentration on the rate of photodegradation of RhB 
dye solution in the presence of NdSr900 (1.5 g dm
-3
) and the natural pH of of RhB. 
 
 
Figure 26: Pseudo-first-order plots showing the effect of H2O2 concentration on the rate 
of photodegradation of RhB dye solution in the presence of NdSr900 (1.5 g dm
-3
) and 





Figure 27: The effect of H2O2 concentration on the rate of photodegradation of RhB 
dye solution in the presence of NdCa900 (1.5 g dm
-3




Figure 28: Pseudo-first-order plots showing the effect of H2O2 concentration on the rate 
of photodegradation of RhB dye solution in the presence of NdCa900 (1.5 g dm
-3
) and 






Figure 29: The effect of pH on the rate of photodegradation of RhB dye in the presence 
of NdBa900 (1.5 g dm
-3








Figure 30: Pseudo-first-order plots showing the effect of pH on the rate of 
photodegradation of RhB dye in the presence of NdBa900 (1.5 g dm
-3











Figure 31: The effect of pH on the rate of photodegradation of RhB dye in the presence 
of NdSr900 (1.5 g dm
-3








Figure 32: Pseudo-first-order plots showing the effect of pH on the rate of 
photodegradation of RhB dye in the presence of NdSr900 (1.5 g dm
-3











Figure 33: The effect of pH on the rate of photodegradation of RhB dye in the presence 
of NdCa900 (1.5 g dm
-3








Figure 34: Pseudo-first-order plots showing the effect of pH on the rate of 
photodegradation of RhB dye in the presence of NdCa900 (1.5 g dm
-3











Figure 35: Powder X-ray diffractograms for EuCa600-900 showing the perovskite peak 





Figure 36: Powder X-ray diffractograms for EuBa600-900 showing the perovskite peak 






Figure 37: Powder X-ray diffractograms for EuSr600-900 showing the perovskite peak 




Figure 38: Effect of photocatalyst (EuBa900) loading on the degradation of RhB dye in 









Figure 39: Pseudo-first-order plots for the effect of photocatalyst (EuBa900) loading on 




H2O2 and at the 
natural pH of the dye. 
 
 





Figure 41: Effect of dye concentration on rates of RhB photodegradation in the 
presence of EuBa700-900 (1.5 g dm10
-3










Figure 42:  Pseudo-first-order plots for the effect of dye concentration on rates of the 
RhB dye degradation in the presence of EuBa700-900 (1.5 g dm
-3









Figure 43: Effect of H2O2 concentration on rates of RhB photodegradation in the 







Figure 44: Linear plots showing the effect of H2O2 concentration on rates of RhB 






Figure 45: Effect of pH on rates of RhB photodegradation in the presence of EuBa900 
(1.5 g dm
-3









Figure 46: Linear plots showing the effect of pH on rates of RhB photodegradation in 
the presence of EuBa900 (1.5 g dm
-3








Figure 47: Effect of photocatalyst loading on the degradation of RhB dye for EuCa900 





Figure 48: Peudo-first-oredr plots for the effect of photocatalyst loading on the 
degradation of RhB dye for EuCa900 all other conditions remain constant. 
 
 
Figure 49: Effect of annealing temperature on the photocatalytic activities of EuCa700-










Figure 50: Photodegradation profile for EuCa900, EuSr900 and EuBa900 in the 








Figure 51: Pseudo-first-order plots for the photodegradation profile for EuCa900, 











Figure 52: Effect of variation in peroxide concentration on the photodegradation of 
RhB dye by EuCa900 at the natural pH of the dye. 
 
 
Figure 53: Pseudo-First-order plots for the effect of variation in peroxide concentration 
on the photodegradation of RhB dye in the presence of EuCa900 (1.5 g dm
-3
) and at the 





Figure 54: Effect of pH on the photodegradation of RhB dye by EuCa900 (1.5 g dm
-3
) 







Figure 55: Pseudo-first-order plots of the effect of pH on the photodegradation of RhB 
dye by EuCa900 (1.5 g dm
-3










Figure 56: Effect of initial dye concentration on the rate of photodegradation of RhB by 





Figure 57: Linear plots of effect of variation in dye concentration on the rate of 










Figure 58: Degradation time dependence of RhB for different amounts of EuSr900 







Figure 59: Degradation time dependence of RhB (5.0 mg dm
-3
) for different amounts of 











Figure 60: Time dependence of photodegradation of RhB for 1.5 g dm
-3
 EuSr700-900 









Figure 61: Effect of peroxide concentration on the rate of photodegradation of RhB dye 
by EuSr900 (1.5 g dm
-3
) at the natural pH of the dye. 
 
 
Figure 62: Pseudo-first-order plots of the effect of peroxide concentration on the rate of 
photodegradation of RhB dye by EuSr900 (1.5 g dm
-3





Figure 63: Effect of variation of initial solution pH on rates of RhB photodegradation in 
the presence of EuSr900 (1.5 g dm
-3








Figure 64: Pseudo-first-order plots showing the effect of initial pH on rates of RhB 
photodegradation in the presence of EuSr900 (1.5 g dm
-3
) and H2O2 (3.0 × 10
-5









Figure 65: Effect of variation of dye concentration on rates of RhB photodegradation in 
the presence of EuSr900 (1.5 g dm10
-3










Figure 66: Pseudo first-order plots showing the effect of the variation of dye 
concentration on rates of RhB photodegradation in the presence of EuSr900 (1.5 g dm
-3
) 
and H2O2 (3.0 × 10
-5
 mol dm
-3
). 
 
 
 
